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Abstract
In a time where the energy consumption is increasing year by year the need for alternative
energy sources is becoming vitally important. One way to satisfy this demand is to harvest
solar radiation with photovoltaic cells. In recent years new classes of solar cells beside the
prevalent silicon solar cells have emerged. One class of these new 3rd generation solar cells are
organic solar cells, which have the advantages of adjustable optical gaps with the active layers
being solution processable. Organic solar cells have made significant steps forward in recent
times with efficiencies now the same as cells made from amorphous silicon. One aspect that
has not received enough attention yet is how to translate the good results for small laboratory
cells to large area cells or sub-modules. In this thesis different methods for upscaling organic
solar cells are discussed.
In the first part of the thesis the working principle of organic bulk heterojunction solar
cells is explained and important points regarding the characterization of organic solar cells
are discussed. We show the influence the use of an aperture mask has on the measured solar
cell parameters depending on the design of the cells. Another important point involves the
configuration of the measurement setup for current-voltage characteristics, i.e. the difference
in using a 2wire or 4wire setup. Depending on the setup and the fact of using or not using
an aperture mask the power conversion efficiency of 0.2 cm2 solar cells varies by up to 20%.
This should emphasize how important it is to state clearly the measurement conditions when
publishing solar cell data so that the results can be put in relation to already reported data.
Most of the organic solar cells reported in literature use spin coating as the deposition
technique for the photoactive layer. This works well for small substrates, but for larger sub-
strates it becomes difficult to get a uniform film over the whole substrate. Spin coating also
wastes a lot of the material since most of the solution is just spun off the substrate. One
solution deposition technique that is easy to implement even in smaller research labs and
is not too different from common roll-to-roll coating processes is blade coating. Large area
devices (active area 25 cm2) with spin and blade coated layers of a poly[N-9”-heptadecanyl-2,7-
carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)]:[6,6]-phenyl-C71-butyric acid me-
thyl ester blend (PCDTBT:PC70BM) using a conventional architecture with an indium tin
oxide/poly(3,4-ethylenedioxythiophene)polystyrene sulfonic acid (ITO/PEDOT:PSS) electrode
were fabricated and compared in terms of the layer quality and the solar cell performance. The
results showed similar behavior with efficiencies of 1.8% and 1.9% for both types of cells demon-
strating the viability of blade coating for the fabrication of large area solar cells.
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The main issue when it comes to upscaling organic solar cells is the shortage of highly con-
ductive transparent electrodes. The widely used indium tin oxide typically has a sheet resistance
of 10 - 50 Ω/ depending on the substrate and processing conditions. This limits the charge
collection efficiency and therefore the overall power conversion efficiency of large area organic
solar cells. Promising alternative electrodes recently developed are insulator/metal/insulator
stacks to replace the ITO electrode. The metal layer, for example silver, needs to be thin
enough to still be semi-transparent, but thick enough to have good conductivity. By using a
stack comprised of molybdenum(VI) oxide/silver/molybdenum(VI) oxide (MoOx/Ag/MoOx)
it is possible to reduce the sheet resistance of the electrode to around 5 Ω/ with a similar
peak transmission (≈ 80%) as ITO. Due to the higher conductivity of this electrode the power
conversion efficiency of 25 cm2 cells with a PCDTBT:PC70BM active layer was improved from
1.9% to 3.1%. We also show stack electrodes with different top layers and compare their sta-
bility in air by neutron reflectometry. The results show that the structure of the MoOx layer
at the surface changes resulting in a swelling of the film. Zinc sulfide on the other hand does
not swell and therefore is a more stable alternative for solar cells. The best 25 cm2 devices
with the molybdenum(VI) oxide/silver/zinc sulfide (MoOx/Ag/ZnS) stack electrode achieved
efficiencies of 2.7% and 2.8% on glass and polyethylene terephthalate foil, respectively. This
easy transition without any loss in performance from glass substrates to foil is based on the
top illumination architecture, where the optical properties of the substrates have no influence
on the performance of the device.
Finally, highly efficient large area, monolithic organic solar cells with a silver grid are pre-
sented. By using silver lines in combination with an indium tin oxide electrode the conductivity
of this electrode was improved by more than an order of magnitude (R <1.5 Ω/) with losing
around 7% of the active area due to the opaque nature of the grid. These silver grid based
electrodes in combination with a new high molecular weight donor copolymer based on diketo-
pyrrolo-pyrrole and dithienylthieno[3,2-b]thiophene resulted in 25 cm2 solar cells on glass with
a maximum power conversion efficiency of 4.7%. One advantage of the new donor polymer is
its high mobility, which allows for thicker (≈ 250 nm) active layers reducing the probability of
short circuits and defects in large area devices using thick grid electrodes. We also fabricated
25 cm2 cells with the silver grid on foil and achieved a maximum efficiency of 2.8%.
The work presented in this thesis shows ways of increasing the efficiency of monolithic
large area organic solar cells. Depending on the properties of the photoactive layer different
approaches can be used. For active blends with the peak absorption between 500 - 600 nm
the presented stack electrodes are an superior alternative to the standard ITO electrode. For
devices with photoactive blends with an optical gap below 1.7 eV and balanced mobilities,
which allow for thicker junctions, the use of a metallic grid in combination with ITO helps to
achieve efficient large area devices. This knowledge will help in the future to choose the most
promising architecture for large area organic solar cells with new active materials.
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Chapter 1
Introduction
1.1 Motivation
The increase in energy consumption is one of the major problems in today’s society. Due to
a growing world population and the industrialization of third world countries the demand for
energy is constantly growing (Figure 1.1). In 2010 the yearly world energy consumption was
around 150 · 1015 Wh and this number is expected to rise to 250 · 1015 Wh in the next 30 years.
This demand for energy needs to be fulfilled to keep the world economy alive.
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Figure 1.1: Historic and projected yearly world energy consumption until 2040 for OECD
(gray) and Non-OECD (black) countries modified from [1].
The U.S. Energy Information Administration predicts that most of this additional energy
will come from renewable energy or nuclear power with growth rates of 2.8% and 2.5% per year,
respectively (Figure 1.2). These numbers will vary from country to country. For example the
growth of renewable energy in Germany is expected to be even higher given that the federal
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government decided to shut down all nuclear power plants by 2022 [2]. This means additional
energy needs to come from renewable energy sources like wind, hydro, solar, geothermal and
bio fuels. Out of these energy sources solar power is the fastest growing with an worldwide
average annual increase of 9.1%. This number is even higher (18.6%) for non-OECD countries
[1]. These numbers show the potential of harvesting energy from the sun and is the main reason
why photovoltaic research has such a high importance.
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Figure 1.2: World net electricity generation by energy source modified from [1].
Although solar power alone will not solve the world’s problems in terms of energy consump-
tion and carbon dioxide emission, it is an essential element of the pathway to a cleaner energy
future.
1.2 Photovoltaics
The term photovoltaics comes from the photovoltaic effect which describes the property of
semiconductors to generate electrical power through the conversion of light. It was first discov-
ered in 1839 by the French physicist Edmund Becquerel [3]. This effect is the general principle
underlying all of the different kinds of solar cells [4]. Today solar cells are generally classified
into three generations. The first generation includes all solar cells based on p-n junctions of sili-
con. Thin film solar cells like cadmium telluride (CdTe) and copper indium gallium (di)selenide
(CIGS) are considered the second generation. The third generation includes mostly new mate-
rials [e.g. organic semiconductors, carbon nanotubes (CNTs) or quantum dots (QDs)] or new
concepts (multi-junctions, nano-structured silicon or hot-carrier solar cells).
Third generation solar cells are also considered the type of solar cells that might eventually
overcome the Shockley-Queisser limit [5]. William Shockley and Hans Queisser calculated that
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only around 34% of the incoming light will be converted into electrical energy for a p-n junction
with a band gap of 1.34 eV. The intrinsic losses have different origins and depend on the band
gap of the semiconductor (Figure 1.3). Hirst et al. define following loss processes [6]:
• non-absorption of photons below the band gap of the semiconductor [below Eg loss]
• thermalisation losses due to the relaxation of carriers, created by photons above the band
gap, to the band gap edge [thermalisation loss]
• emission of the solar cell [emission loss]
• Carnot factor, a voltage drop created by the fact that a solar cell acts as a heat engine
with a hot (the sun) and a cold reservoir (the ambient) [Carnot loss] [7]
• entropy generation due to the inequality of absorption and emission angles resulting in
the expansion of photon modes [Boltzmann loss]
For silicon the maximum power conversion efficiency (PCE) is approximately 29% due to the
narrower band gap of 1.1 eV.
Figure 1.3: Eg dependent intrinsic losses for single junction solar cells identified by Hirst
et al. (reproduced from [6]). Copyright © 2010 John Wiley & Sons, Ltd.
The development of the power conversion efficiency of the different classes of solar cells in
the last 40 years is shown in Figure 1.4. The highest certified efficiency on the chart is 44.4%
for a triple junction concentrator cell. These types of cells are very expensive in production
and mostly used for specialty applications like aerospace. The best single junction solar cells
without any concentrator (1st generation) achieve an efficiency of 28.8% for gallium arsenide
(GaAs) and 25.6% for silicon, respectively [8, 9]. These values are not far from the predicted
Shockley-Queisser limit showing that there is not much room for improvement left in terms of
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efficiency. This is also supported by the fact that the efficiencies have not improved significantly
in the last 15 years.
Figure 1.4: Development of the efficiency of different types of solar cells (research cells)
and the respective record efficiency as of August 2014. This plot is courtesy of the National
Renewable Energy Laboratory, Golden, CO. [8].
Moving down on the efficiency axis you find the first thin film solar cells (2nd generation)
based on CIGS without concentrator with a PCE of 21.0% on a par with CdTe (21.0%) and
followed by amorphous silicon (13.4%). At the end of the scale are the new emerging types
of solar cells (3rd generation) including organic solar cells (OSCs) (11.1%), quantum dot solar
cells (8.6%), dye-sensitized solar cells (11.9%) and the newest addition, perovskite solar cells
(17.9%) [8, 9]. In comparison to the 1st and 2nd generation solar cells the efficiencies of most
of these types of solar cells have been improved significantly in the last few years, making them
very interesting for researchers. Especially the solar cells based on organicmetallic lead halide
perovskites have garnered a lot of attention in the last 1-2 years. Researchers recently showed
efficiencies of over 15% for this new class of organic-inorganic hybrid devices and also started
looking into low temperature fabrication for flexible solar cells resulting in small area cells with
10% efficiency [10, 11]. Perovskite solar cells are already at a stage after 2 years where the
researchers now have to think about fabrication processes and upscaling of the small area cells
[12].
The trend seen in efficiency for the different types of solar cells is predicted in a similar way
in terms of market shares. In 2012 more than 80% of the installed PV systems were based on
crystalline silicon followed by around 15% of thin film solar cells. This distribution is not going
to change significantly in the next five years [13]. In Figure 1.5 the annual growth rates for the
different classes of solar cells predicted by the European Photovoltaic Industry Association are
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shown. It shows similar growth rates of 5-10% for the established types like crystalline silicon
and thin film. The only two classes with a much higher predicted growth rate are concentrator
solar cells and OPVs. The reason for the expected increase in concentrator cells is the hope for
reduction in production costs making them more attractive for energy producers. For OPVs
the first market ready products are expected within the next 5 years. These will only be for
niche markets (e.g. building integration) and probably not going to reach more than 1% of the
PV production in 2017. The next five years will be very crucial for OPVs because they need to
show that they can compete with other thin film technologies like CdTe, CIGS or amorphous
silicon. To achieve this, modules with 8-10% efficiency, a lifetime of >10 years and a price point
of US$0.50/Wp are expected to be necessary [14]. From today’s point of view this should be
possible but still requires some effort especially when it comes to cost effective production and
device lifetime.
Figure 1.5: Annual growth rate of different types of PV between 2013-2017 (reproduced
from [13]).
1.3 Organic Photovoltaics
1.3.1 History of Organic Solar Cells
The first discovery of photoconductivity in an organic material was reported for anthracene as
early as 1906 by Pochettino [15, 16]. In the next 50 years no significant progress was made
but the photovoltaic effect was observed in a number of natural molecules like chlorophylls and
porphyrins [16]. In 1958 Kearns and Calvin were able to generate a photovoltage of 200 mV
using magnesium phthalocyanines [17]. It was also suggested that some kind of impurity (e.g.
oxygen) is needed for dissociation of the electron-hole pair [18]. In organic semiconductors, in
contrast to inorganic semiconductors, where the absorption of a photon directly leads to free
charge carriers, the electron and hole after excitation are still strongly bound forming an exciton
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due to the low dielectric constant of organic semiconductors [19]. A more detailed explanation
of the working principle of organic solar cells will be given in Chapter 2.
In the 1970s researchers put a strong focus on chlorophylls again specifically chlorophyll-
a. First Meilanov et al. showed an external quantum yield of 10% for an Al/chlorophyll-
a/Al structure [20] and then in 1975 Tang and Albrecht reported a PCE of 0.05% under the
illumination with monochromatic light for a chlorophyll-a layer sandwiched between chromium
and mercury electrodes [21]. They also suggested that the photocurrent is primarily generated
at the interface of chlorophyll-a and the low work function metal.
The next big step in performance of organic solar cells was made in 1986 when Tang used
a bilayer of copper phthalocyanine (CuPc) and a perylene tetracarboxylic derivative (PV) for
his solar cell [22]. The chemical structure of the two materials and the device architecture are
shown in Figure 1.6. With this device he achieved a PCE = 0.95% with VOC = 0.45 V, JSC =
2.3 mA/cm2 and FF = 0.65 under 750 W/cm2 illumination which was an outstanding result
at the time. He attributed the better performance of his cell in comparison to cells with an
organic single layer to a much improved exciton dissociation at the interface of the two organic
layers. He proposed that the reason for that must have been a significant internal field (built-in
field, ≈ 106 V/cm) at the interface which improves the separation process. Tang related this
field to the different electron affinities of the two materials. The electron affinity of organic
semiconductors is often referred to as Lowest Unoccupied Molecular Orbital (LUMO) and the
ionization potential as Highest Occupied Molecular Orbital (HOMO). There is still a debate
about the fact when these terms can be used interchangeably [23, 24] but for consistency the
terms LUMO and HOMO will be used throughout this thesis. The concept of having one
electron donating material (CuPc) and one electron accepting material (PV) to achieve an
internal electric field became the standard in OSCs and is still used in today’s devices.
Figure 1.6: Architecture of the bilayer solar cell, the chemical structure of copper ph-
thalocyanine (donor) and perylene tetracarboxylic derivative (acceptor) and a general
representation of the energy levels of the two materials. Reproduced from [25] with per-
mission of The Royal Society of Chemistry.
In 1985 Kroto et al. discovered C60 and named it buckminsterfullerene after the architect
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Buckminster Fuller (Figure 1.7) [26]. This molecule consisting of 20 hexagons and 12 pentagons
and shaped like a football (it is also referred to as buckyball) had an important impact on the
progress of OSCs. In 1993 Sariciftci et al. used it in a bilayer device in combination with the
polymer MEH-PPV (Figure 1.9) [27, 28]. They achieved a PCE of 0.04% under monochromatic
light with a wavelength of 515 nm and an intensity of 1 mW/cm2. They also observed a “fast
photoinduced electron transfer from MEH-PPV to C60” but also a limited exciton diffusion
in the MEH-PPV film of a few angstroms [28]. This meant only excitons close to the MEH-
PPV/C60 interface actually contributed to the photocurrent.
C60 PC60BM PC70BM
Figure 1.7: Chemical structure of C60 and the solution processable derivatives PC60BM
and PC70BM.
In 1996 Halls et al. observed a similar behavior while using C60 together with PPV [29, 30].
They reported a maximum quantum efficiency of 9% and estimated the exciton diffusion length
to be between 6 - 8 nm. This means for bilayer devices the options to achieve a high PCE
are limited. If a high quantum yield is desired the active layers need to be very thin (order of
the exciton diffusion length) so that all excitons can dissociate at the interface. The problem
then is that the absorption of these layers will be very weak. This body of work led to the
conclusion that thicker junctions with multiple interfaces in close proximity are needed. This
was achieved by the introduction of the bulk heterojunction (BHJ). In BHJs an electron donor
and an electron acceptor material are blended together to form a layer with phase-separated
regions of both materials. Figure 1.8 shows the general architecture of a BHJ solar cell. The
first report of a BHJ can be attributed to Hiramoto et al. in 1991. They compared devices
with a bilayer of a phthalocyanine and a perylene tetracarboxylic derivative (comparable to
the work of Tang) to devices with an intermixed layer in between. By co-sublimation of the
intermixed layer they were able to double the photocurrent of the devices under 100 mW/cm2
white light illumination [31].
The first solution processed BHJ cell with C60 was reported in 1994 by Yu et al. They
used poly[2-methoxy,5-(2’-ethylhexyloxy)-1,4-phenylene-vinylene] (MEH-PPV, Figure 1.9) in a
blend with C60 (ratio 10:1) and the resulting photodiode had a VOC of 0.8 V and a JSC of
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Figure 1.8: General architecture of a BHJ device with the mixed donor-acceptor blend
between two electrodes consisting of a electron (ETL) or hole transport layer (HTL) and
a metal or metal oxide. In most devices ITO is used as the anode and a low work function
metal like aluminum as the cathode.
15.3 µA/cm2 under monochromatic illumination of 500 nm [32]. Based on the relatively low
photocurrent under short circuit condition they proposed to use the cell as a photodetector.
The reason for the low photocurrent was the inbalanced material ratio in the blend with 10
times more MEH-PPV than C60 due to the limited solubility of C60 in organic solvents. This
problem was eventually solved in 1995 when Hummelen et al. introduced the highly solubable
C60 derivative [6,6]-phenyl-C61-butyric acid methyl ester (PC60BM, Figure 1.7), which became
the new workhorse in the field of OSCs [33]. This allowed Yu et al. to repeat their experiment
but this time with a MEH-PPV:PC60BM ratio of 1:4. These devices achieved a PCE of 2.9%
under 20 mW/cm2 monochromatic illumination (430 nm). The EQE was measured to be 29
% and the cells had a JSC = 2 mA/cm2 [34]. In 2001 Shaheen et al. followed up this work
and reported an optimized organic solar cell using a poly[2-methyl, 5-(3,7 dimethyloctyloxy)]-p-
phenylene vinylene) MDMO-PPV:PC60BM blend (chemical structure of MDMO-PPV is shown
in Figure 1.9) with an efficiency of 2.5% under AM1.5 illumination [35]. The cell showed an
internal quantum efficiency (IQE) of up to 85% which was the highest reported IQE at this
stage and was proof of an optimized morphology of the photoactive blend.
The film morphology played an especially important role for the materials combination that
would dominate OPV the next few years: poly(3-n-hexylthiophene-2,5-diyl):PC60BM (P3HT:
PC60BM). The chemical structure of P3HT is shown in Figure 1.9. In 2003 Padinger et al.
showed that by thermal annealing they could increase the maximum incident photon to charge
carrier efficiency (IPCE) to more than 70% resulting in devices with a PCE = 3.5% under
white light illumination of 800 W/m2 [36]. They attributed this increase to an improved phase
separation and molecular packing. The same effect can also be achieved by using solvent
annealing. This means the photoactive blend is dried very slowly by using a high boiling
point solvent. This allows the polymer chains to align themselves which improves the charge
transport properties in the BHJ [23, 37]. With this technique Li et al. were able to achieve
efficiencies up to 4.3% under AM1.5G illumination [37]. With further optimization researchers
were able to get close to 5% efficiency but this seemed to be close to the maximum for this
material combination [38]. This was also supported by reported IPCE values of close to 90%
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MDMO-PPV
P3HT PCPDTBT
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Figure 1.9: Chemical structure of some of the most widely used donor polymers for
OPVs.
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[39].
For efficiencies more than 5% something needed to be changed. One limiting factor of the
P3HT:PC60BM solar cells was the low VOC of around 0.6 V due to the small energy difference
between the lowest unoccupied molecular orbital (LUMO) of PC60BM and the highest occupied
molecular orbital (HOMO) of P3HT. The working principle of organic solar cells and the impor-
tance of the LUMO and HOMO energies of the donor and acceptor materials will be discussed
in detail in Chapter 2. To increase the VOC researchers tried to modify the LUMO energy of
PC60BM. One of the most promising C60 derivative was the indene-C60 bisadduct (IC60BA)
proposed by He et al [40]. It has a 0.17 eV higher LUMO energy than PC60BM resulting in
an increase of the VOC from 0.6 V to 0.84 V. By optimizing the devices the efficiency went up
to 6.5% [41]. With the help of additives and the higher absorption of indene-C60 bisadduct
(IC70BA) researchers were able to increase the efficiency further to 6.7% [42]. Unfortunately it
proved very difficult to apply ICBA to other donor materials except P3HT and researchers are
still trying to understand the reasons for that behavior [43, 44].
Another big limitation of the P3HT:Fullerene system, whether it be PC60BM or IC60BA is
the optical gap of P3HT (≈ 2.0 eV) limiting the photon absorption in the visible range of the
solar spectrum. This issue was addressed with the introduction of new narrow optical gap
polymers like poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’ ]-dithiophene)-alt-4,7-
(2,1,3-benzothiadiazole)] (PCPDTBT, optical gap 1.45 eV) [45] and poly[N-9”-heptadecanyl-
2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)] (PCDTBT, optical gap 1.9 eV)
[46]. The chemical structures of the polymers are shown in Figure 1.9. Especially PCDTBT
together with [6,6]-phenyl-C71-butyric acid methyl ester (PC70BM, Figure 1.7), which has a
higher absorption than PC60BM (Figure 1.10) showed early on efficiencies in excess of 6% [47].
This fact together with its semi-amorphous nature and therefore tolerance to disorder within
the films, which makes processing easier than for semi-crystalline materials like P3HT, made
the material the new workhorse in OSCs [48]. In recent years the efficiency finally reached
more than 7% [49]. The comparatively low efficiency (< 4%) of solar cells based on PCPDTBT
despite its wide absorption range is the low fill factor. The reason for the low FF is a strong
recombination and voltage dependent charge generation. By fluorinating PCPDTBT Albrecht
et al. were able to retain the optical properties while increasing the VOC and reducing the
recombination resulting in efficiencies of up to 6.2% [50].
In recent years, a variety of new narrow optical gap polymers with a donor-acceptor structure
were introduced, showing promising initial efficiencies of more than 6%. In 2009/2010 Liang
et al. reported a series of new polymers based on alternating ester substituted thieno[3,4-
b]thiophene and benzodithiophene units (PTBx) showing initial efficiencies of 4 - 6% [51]. The
series had a relatively narrow optical gap of ≈ 1.6 eV. They followed up with the most promising
of the materials (PTB7, Figure 1.9) and they were able to fabricate devices with a PCE of 7.4%
[52]. By using an inverted architecture and optimizing the interface layers of the PTB7:PC70BM
solar cells He et al. were able to increase the efficiency to 9.2% [53].
Another class of donor materials that has been reported in the literature by different re-
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Figure 1.10: Absorption coefficients of PC60BM and PC70BM films spin coated from
chloroform.
searchers in recent years with encouraging results are polymers based on isoindigo. Wang et
al. presented a series of donor-acceptor polymers with alternating oligothiophene and isoindigo
units [54]. They all had an optical gap of ≈ 1.5 eV and the best polymer (P3TI) achieved in
combination with PC70BM a PCE = 6.9% [55]. They found that the number of thiophene rings
strongly influences the crystallinity and therefore the morphology. When increasing the number
of thiophene rings the domains become bigger which reduces the actual interface between donor
and acceptor resulting in a reduced charge generation efficiency. Similar effects have been seen
by Kim et al. for a polymer consisting of two thiophenes and isoindigo with different side chains
[56]. Jung and Jo used the polymer from Kim et al. and incorporated thienylenevinylene to
extend the conjugation length [57]. By doing so they achieved a PCE of 7.1% in combination
with PC60BM. The improvement came mainly from an increased photocurrent which they at-
tributed to improved charge transport in the BHJ layer due to an optimized structure in pi− pi
stacking direction.
One of the most promising new class of materials is based on diketopyrrolopyrrole (DPP).
These materials show a high charge carrier mobility and have a narrow optical gap. The
first time that a polymer based on DPP was used for an organic solar cell was in 2008 when
Wienk et al. reported the new material poly[3,6-bis-(40-dodecyl-[2,20]bithiophenyl-5-yl)-2,5-
bis-(2-ethyl-hexyl)-2,5-dihydropyrrolo[3,4-]pyrrole-1,4-dione] (PBBTDPP2) [58]. In a blend
with PC70BM they were able to get a PCE of 4.0%. Over the years they further explored this
class of materials and in 2013 they presented new materials, namely DT-PDPP2T-TT which
consists of DPP and 2,5-di-2-thienylthieno[3,2-b]thiophene [59] and poly[[2,5-bis(2-hexyldecyl-
2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-diyl]-alt-[3’,3”-dimethyl-2,2’:5’,2”- terthio-
phene]-5,5”-diyl] (PMDPP3T) [60]. Both materials have a very narrow optical gap of ≈ 1.4 eV
and ≈ 1.3 eV, respectively. The resulting solar cells in combination with PC70BM had an effi-
ciency of 6.9% and 7.0% thanks to a high photocurrent based on the extended absorption beyond
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900 nm. Parallel to that other research groups also explored materials based on DPP for OSCs.
Huo et al. combined the DPP chromophore with different electron-rich moieties and compared
their performance in solar cells. Out of the tested building blocks the one with benzo[2,1-b:3,4-
b’ ]dithiophene showed the best device performance with a PCE = 4.5% [61]. In the following
years they further improved the materials. Firstly they combined the DPP with thienylben-
zodithiophene to form poly2,6’-4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,4-b]dithiophene-alt-5-
dibutyloctyl-3,6-bis(5-bromothiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4-dione (PBDTT-DPP) [62].
The material had an optical gap of ≈ 1.4 eV and the resulting solar cells reached efficiencies of
up to 6.5%. They further improved the efficiency to 7.2% by substituting the sulfur on the DPP
by selenium [63]. This change lowered the optical gap to below 1.4 eV (≈ 1.38 eV) and roughly
doubled the hole mobility (7 · 10−4 cm2/Vs instead of 3 · 10−4 cm2/Vs) resulting in an improved
photocurrent and fill factor and therefore higher PCE. In 2013 and 2014 Li et al. and Hen-
driks et al. reported efficiencies of 6.9%, 7.4%, and 8.0% for solar cells with different electron
donor copolymers based on DPP [59, 64, 65]. The first polymer used 2,5-di-2-thienylthieno[3,2-
b]thiophene as electron rich unit [59], the second one thiophene-phenylene-thiophene [64], and
the third one alternating terthiophene and thiophene-phenylene-thiophene [65].
Other materials with notable reported efficiencies in OSCs include PDTG-TPD, a donor-
acceptor co-polymer consisting of dithienogermole and N-octylthienopyrrolodione (PCE = 8.5%)
[66] and poly[2,7-(5,5-bis-(3,7-dimethyloctyl)-5H-dithieno[3,2-b:2’,3’-d]pyran)-alt-4,7-(5,6-diflu-
oro-2,1,3-benzothiadiazole)] (PDTP-DFBT, PCE = 8.0%) [67]. At the moment of writing of
this thesis (December 2013) the highest certified efficiency for an organic single junction solar
cell was 11.1% by Mitsubishi Chemicals [68]. Just recently (December 2013) Mitsubishi Chemi-
cals reported on there website that they now have achieved a PCE of 11.7% [69]. Unfortunately
not much is known about the cell due to the commercial interest of the company. The donor
material is a benzoporphyrin which is used in combination with PC70BM [14]. Parts of the
fabrication, at least of the photoactive layer involve slot-die coating and they reported that the
high efficiency is due to a highly ordered nanostructure of the film [70].
At the end of this summary of the current state of the art of organic solar cells it needs
to be mentioned that researchers are not only looking into single junction cells, but also multi
junction cells. Since all the solar cells presented in this thesis are based on single junctions
only a short summary of the best reported cells will be given. In multijunction solar cells the
light passes through multiple light absorbing layers with different absorption spectra to harvest
more of the solar spectrum. Tandem cells can be connected either in series (the anode of one
cell is connected to the cathode of the other cell) or in parallel (both cathodes and both anodes
are connected) resulting ideally in an addition of the VOC or the JSC of both cells, respectively.
Figure 1.11 shows the architecture of an example of an organic solar cell, where the two subcells
can be externally connected in series or in parallel. Most of the cells in the literature use a series
connection of the subcells with a recombination layer between the two subcells. The concept
of multi junctions has enabled inorganic solar cells to reach efficiencies of up to 38.8% (Boeing-
Spectrolab, five junctions) under AM1.5G illumination and up to 44.4% (Sharp, four junctions,
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302 suns) under concentrated illumination [8]. One of the highest reported efficiency for an
organic tandem solar cell to date is 10.6% by You et al. [71]. Their cell used P3HT:IC60BA for
the bottom cell and PDTP-DFBT:PC60BM for the top cell resulting in a VOC = 1.5 V and a JSC
= 10.1 mA/cm2. In 2013 Heliatek GmbH reported a 12 % triple junction small molecule solar
cell but once again not much is known about the materials due to the commercial interest of the
company [72]. The cells were exclusively prepared by evaporation and use a p-i-n architecture,
where an undoped (intrinsic) absorber material is sandwiched between a p- and n-doped layer
[73].
Figure 1.11: Architecture of an organic tandem solar cell by Hadipour et al., where the
subcells can be connected in series and parallel. The poly(trifluoroethylene) [PTrFe]
electrically separates the subcells based on P3HT:PCBM and poly{5,7-di-2-thienyl-
2,3-bis(3,5-di(2-ethylhexyloxy)phenyl)-thieno[3,4-b]pyrazine}:PCBM (PTBEHT:PCBM).
Reprinted with permission from [74]. Copyright Journal of Applied Physics 2007, AIP
Publishing LLC.
The problem with all these encouraging efficiencies is that they have been achieved mostly
in research laboratories on very small areas (≤ 1 cm2). For OPV to become interesting for the
market this efficiencies need to be shown on larger areas or modules, respectively. The state of
the art for large area OPV will be discussed in the next section.
1.3.2 Status of large area Organic Solar Cells
As mentioned before all the efficiencies discussed so far are for devices with small active areas
not bigger than 1 cm2. The majority of these devices are fabricated by a combination of spin
coating for the organic materials and vacuum deposition processes (e.g. thermal evaporation)
for the inorganic materials and organic small molecules. When it comes to devices with larger
areas (> 10 cm2) the field is divided in two groups. The first group uses the same processes
for large cells that they use for small area cells. This means to aim for the highest possible
efficiency by using very precise and established processes similar to conventional silicon solar
cells. Unfortunately most of these processes have a limited throughput, like spin coating.
The second group on the other hand is trying to utilize highly productive roll-to-roll (R2R)
processes to achieve a high production throughput even if it means sacrificing on the efficiency
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of the devices. Before summarizing the reported efficiencies of large area organic solar cells
and modules in the following two sections one important point needs to be addressed. The
efficiencies of large area devices reported in the literature are sometimes based on the active
area, i.e., the area that contributes to the generation of photocurrent excluding interconnections,
grid lines, or bus bars and sometimes on the aperture area, i.e., the complete area that is
illuminated including interconnections, grid lines, or bus bars. In this thesis we will try to give
the corresponding area to every reported efficiency if mentioned in the original publication.
1.3.3 Large area organic solar cells fabricated by conventional lab-
oratory processes
As mentioned previously this section will focus on large area organic solar cells fabricated
by established electronic manufacturing processes like spin coating and thermal evaporation.
These processes are well established but have some restrictions in maximum substrate size.
Especially spin coating becomes significantly more difficult and the equipment needs to be
more sophisticated to achieve a uniform layer when moving to large substrates. Additionally,
thermal evaporation limits the speed of the fabrication process since the evaporation chamber
needs to be under high vacuum.
In 2009 researchers from Plextronic, Inc. reported a 15.2 x 15.2 cm2 organic photovoltaic
module with a P3HT:PC60BM active layer consisting of 54 individual cells (area of each cell
2 cm2) connected in series [75]. The modules were fabricated using spin coating and thermal
evaporation and achieved a certified efficiency of 1.1% (VOC = 29.3 V, JSC = 0.07 mA/cm2,
FF = 0.51).
In 2012 Galagan et al. presented ITO-free solar cells with an active area of 4 cm2 [76]. They
used current collection grids in combination with ink-jet printed, highly conductive poly(3,4-
ethylenedioxythiophene)polystyrene sulfonic acid (PEDOT:PSS) (R = 500 Ω/) as the anode.
The photoactive layer was the well known P3HT:PC60BM, which was spin coated and the
cathode consisted of thermally evaporated LiF/Al. For the collection grid they compared ink-
jet printed silver lines (325 µm width, 500 nm thickness) and lithographic Mo/Al/Mo lines
(width 180 µm, 120 nm thickness). The best PCE of 1.5% was achieved for the devices with
lithographic lines and a pitch size of 2 mm (making it 10 lines over the entire cell area). For
the ink-jet printed silver grid the maximum PCE of 1.4% was achieved with a pitch size of 2.5
mm and 8 lines.
Also in 2012 the Interuniversity Microelectronic Center (IMEC) announced an organic solar
module consisting of series connected cells with a certified efficiency of 5.5% [77]. Exact details
of the materials used, area or the precise module design were not available. In 2013 IMEC
presented similar modules with a substrate area of 5.5 x 5.5 cm2 [78]. The presented results
were acquired using an aperture area of 4 x 4 cm2. The modules were comprised of eight 5
mm wide ITO stripes which were connected in series. A simple schematic of the pattern and
the interconnection of the cells is shown in Figure 1.12 a). By connecting the cells in series
in contrast to using a single large cell with the same area the ohmic losses due to the low
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conductivity of the ITO electrode were reduced from more than 50% to around 5%. Based
on the relatively small gap (70 - 85 µm) between individual stripes the loss of active area is
limited to around 5%. The best devices with a photoactive material called PV10 from Polyera
achieved a PCE of 5.2% in an inverted architecture with TiOx as an electron transport layer.
They also prepared semitransparent modules (Figure 1.12 b)) with a transmittance in the
visible range of approximately 20% and a PCE = 5.0%. Eventually they mechanically stacked
the semitransparent module together with a second module (active material from Plextronic
called XPbing) creating a “tandem” solar module. This improved the module efficiency up to
6.5%.
Figure 1.12: a) Schematic of the pattern of the IMEC module and b) a picture of a
semitransparent module that initially achieved a PCE = 5% (reproduced from [77]).
In December 2013 Heliatek presented their current results on fully vacuum processed OSCs
including [79]:
• flexible minimodules consisting of triple junction solar cells with an active area of 4.4 cm2
and a power conversion efficiency of 9.7%,
• modules on glass with a stripe architecture fabricated in a batch to batch process and a
total aperture area of 142 cm2 achieving an efficiency of 7.7% (9.0% based on the active
area of 122 cm2),
• besides these devices fabricated by conventional laboratory processes they also presented
R2R fabricated modules on poly(ethylene terephthalate) (PET) consisting of 1.5 cm wide
stripe tandem solar cells with a maximum efficiency of 5% based on the active area.
Also in 2013 Scarratt et al. from the University of Sheffield presented a 9 cm2 monolithic
organic solar cell with a spray coated PCDTBT:PC70BM layer. The cell had an PCE of 1.9%
with the major limitation being the low fill factor of 0.3 [80]. This results continue on from
their previous work where they achieved 4% efficiency in small area devices by spray coating
PCDTBT:PC70BM [81].
Another company working on upscaling of organic solar cells is Toshiba. Green at al.
reported in the solar cell efficeincy tables that Toshiba achieved certified modules with an
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illumination area of 25 cm2 and an average efficiency of 8.2% consisting of four series connected
cells [68]. No further details on the materials, architecture and fabrication processes were
given. In 2013 Toshiba reported that they increased the module efficiency to 9.0%. The process
used for depositing the photoactive layer is described as meniscus coating and their patterning
technique allows for modules with an active area to module/aperture area (geometrical fill
factor) of 94%. The material used for the modules achieved a PCE = 10.3% in individual cells
with an active area of 1 cm2 [82]. It is not known to what extent R2R processes or vacuum
deposition techniques are included in the fabrication of the modules. Nonetheless the results
are getting close to the hoped 10% efficiency on the module level. The questions that remain
are:
• How reliable is the process in terms of production yield?
• What is the lifetime of the modules?
• Will it be economically viable in the future to produce this modules?
This strongly depends on the material costs, especially the transparent electrode and the pho-
toactive materials and the employed production processes.
1.3.4 Large area organic solar cells fabricated by roll-to-roll pro-
cesses
One of the most attractive points of OPV always has been the potential to fabricate efficient
solar cells and modules by roll-to-roll processes to achieve a high production throughput re-
sulting in a reduction of manufacturing costs. If this is actually achievable has been a matter
of debate in the community but some calculations indicate that OPV might be commercially
viable if certain circumstances are met. Azzopardi et al. propose, based on calculations, that
organic solar cell modules need to achieve at least 7 % efficiency and a 5 year lifetime to be
competitive with other PV technologies [83]. The major contribution to the costs comes from
the raw materials, especially the transparent conductive electrode and not from the actual
processing.
Table 1.1 shows a comparison of the most common coating and printing techniques in
terms of material wastefulness, speed, R2R compatibility and other properties. In this section
coating and printing processes will be discussed together, even if there are differences in the
working principles. The main difference between the two is that printing allows for patterning
in two dimensions defined by a printing plate (ink-jet printing being the exception since it is a
non-contact printing process). Coating on the other hand is a continuous thin film deposition
technique which only allows patterning in form of stripes (one dimension) [84]. The processes
shown in Table 1.1 have all been used to a different extent in fabrication of organic electronics
and they all have different advantages and disadvantages. For example ink-jet printing has
been studied extensively because of its flexibility and ease of integration in existing laboratory
environments. It has also been used widely for other types of organic electronic devices like
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organic light emitting diodes (OLEDs) or organic field-effect transistors (OFETs). Different
research groups showed solar cells with an ink-jet printed P3HT:PC60BM layer with a PCE
of more than 3.5% [85, 86] which is similar to the efficiency of cells with spin coated active
layers. For large area solar cells ink-jet printing is not the first choice since films are formed by
the addition of individual droplets. This often leads to the “coffee ring” effect [87, 88] during
drying, which makes it difficult to achieve uniform films over large areas. It is also one of the
slower printing techniques therefore limiting the maximum production throughput.
Table 1.1: Comparison of different printing and coating techniques regarding different
process parameters modified from [84].
Technique Ink waste 1 Speed 2 Ink preparation 3 Wet film thickness [µm] R2R
Spin coating 5 - 1 0-50 No
Blade coating 2 - 1 0-100 Yes
Casting 1 - 2 5-500 No
Spray coating 3 1-4 2 1-500 Yes
Knife-over-edge 1 2-4 2 20-700 Yes
Meniscus coating 1 3-4 1 5-500 Yes
Curtain coating 1 4-5 5 5-500 Yes
Slide coating 1 3-5 5 25-500 Yes
Slot-die coating 1 3-5 2 10-250 Yes
Screen printing 1 1-4 3 10-500 Yes
Ink-jet printing 1 1-3 2 1-500 Yes
Gravure printing 1 3-5 4 5-80 Yes
Flexo printing 1 3-5 3 5-200 Yes
Pad printing 1 1-2 5 5-250 Yes
1 1 = none, 2 = little, 3 = some, 4 = considerable, 5 = significant
2 1 = very slow, 2 = slow <1 m/min, 3 = medium 1-10 m/min, 4 = fast 10-100 m/min, 5 = very fast 100-1000 m/min
3 1 = simple, 2 = moderate, 3 = demanding, 4 = difficult, 5 = critical
One of the leading researcher groups when it comes to utilizing R2R processing for large
area organic solar cell are Krebs et al. from the Technical University of Denmark. In 2009 they
presented R2R-processed, inverted OSCs on PET/ITO where ZnO, the P3HT:PC60BM blend
and PEDOT:PSS were slot-die coated and the silver back electrode was screen printed [89].
Slot-die coating is a process where a constant meniscus is formed between the substrate and
the coating head which is constantly pumped with the ink. Due to the use of multiple coating
heads it is possible to realize stripes as a simple 1-dimensional pattern. The single cell (area
25 x 0.6 cm2) achieved an efficiency of around 1%. They also produced modules by connecting
eight of the stripes in series giving an active area of 120 cm2 and a module area (overall size of
the module) of 267.5 cm2. This module had a PCE of 0.79% when using the aperture area of
267.5 cm2 for the calculation. Over the course of the time they developed the process further
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and improved the efficiency of the modules up to 2%. The solar cell parameters and fabrication
processes of selected large area organic solar cells and modules based on a P3HT:PC60BM
active layer reported over the last 5 years by Krebs et al. are summarized in Table 1.2. This
includes, for example devices without ITO [90], without ITO and silver [91], and with different
silver grid designs [92, 93]. The reported efficiencies are all below 2% showing that there is still
improvement needed to achieve the 7% proposed by Azzopardi et al. to be competitive with
some of the other photovoltaic technologies [83].
Table 1.2: Summary of different large area P3HT:PC60BM solar cells fabricated mostly
by R2R processes reported in the literature.
Year Materials Process R2R Area [cm2] PCE [%] Module/cell Ref.
2009 PET/ITO 15 1.0 cell [89]
ZnO slot-die y (active)
P3HT:PC60BM slot-die y
PEDOT:PSS slot-die y
Ag screen n
2009 PET/ITO 267.5 0.8 8 stripes [89]
ZnO slot-die y (aperture) (series)
P3HT:PC60BM slot-die y
PEDOT:PSS slot-die y
Ag screen n
2010 PET/ITO 96 1.8 16 stripes [94]
ZnO slot-die y (active) (series)
P3HT:PC60BM slot-die y
PEDOT:PSS slot-die y
Ag screen y
2010 PET/ITO 35.5 2.0 16 stripes [95]
ZnO slot-die y (active) (series)
P3HT:PC60BM slot-die y
n-octanol flexo y
PEDOT:PSS slot-die y
Ag screen y
2011 Kapton 100 0.4 cell [90]
AL/Cr evaporation y (aperture)
P3HT:PC60BM slot-die y
PEDOT:PSS slot-die y
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Ag-grid screen y
2011 Kapton 235 0.5 16 stripes [90]
AL/Cr evaporation y (aperture) (series)
P3HT:PC60BM slot-die y
PEDOT:PSS slot-die y
Ag-grid screen y
2012 PET 15.5 1.6 16 stripes [91]
PEDOT:PSS screen y (active) (series)
ZnO slot-die y
P3HT:PC60BM slot-die y
PEDOT:PSS slot-die y
Graphite screen y
2012 PET 6 1.8 cell [92]
Ag-grid flexo y (aperture)
PEDOT:PSS screen y
ZnO slot-die y
P3HT:PC60BM slot-die y
PEDOT:PSS slot-die y
Ag-grid screen y
2013 PET 186.3 1.1 9 stripes [93]
Ag-grid flexo y (aperture) (series)
PEDOT:PSS screen y
ZnO slot-die y
P3HT:PC60BM slot-die y
PEDOT:PSS slot-die y
Ag-grid screen y
2013 PET 11,136 1.6 16,000 stripes [96]
Ag-grid flexo y (active) (series)
PEDOT:PSS screen y
ZnO slot-die y
P3HT:PC60BM slot-die y
PEDOT:PSS slot-die y
Ag-grid screen y
In 2013 Sommer-Larsen et al. reported an 80m long fully printed OPV module consisting
of 16,000 individual cells connected in series [96]. They characterized smaller sub-modules
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(i.e., 1,856 cells = 11,136 cm2) of the module, which achieved an efficiency of approximately
1.6%. Even though the power output for a module of this size was only 125 W under overcast
conditions, it still shows that it is possible to fabricate 16,000 working cells and interconnect
them to a module. Further to the initial performance they also studied the lifetime of the
sub-modules. The T80 lifetime, i.e., the time until the efficiency falls to 80% of its initial value,
was measured to be 1,350 hours. Krebs et al. also showed a module with an active area of 88.2
m2 (Figure 1.13), which achieved an efficiency of 1.5% under an illumination of ≈ 990 W/m2
(full sun outdoor measurement) [97]. The module consisted of 6 parallel connected submodules
with 21,000 serial connected solar cells and generated 1.3 kW at the maximum power point.
Figure 1.13: Photograph of the 100m OPV module at Technical University of Denmark
in Roskilde (reproduced from [97]). © 2013 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim
Other reports on fully R2R processed organic modules besides the work of Krebs et al. come
for example from the researchers from CSIRO and the University of Melbourne. In 2013 they
reported fully printed modules with an area of 100 cm2 and an efficiency of around 2% [98].
The module thereby consists of 5 series connected P3HT:PC60BM cells. These results build
on their previous work using gravure printing as deposition technique for PEDOT:PSS and
P3HT:PC60BM [99] to fabricate 10 x 10 cm2 modules with 5 series connected stripes and an
active area of 45 cm2. The modules achieved efficiencies of up to 0.9% based on the active area.
Also in 2013 Solarmer reported 400 cm2 modules with series connected cells, which achieve
PCEs of around 3% [100]. No details on the materials and processes were given due to the
commercial interest of the company.
One very obvious fact when looking at the reports on R2R processed large area cells is
that the vast majority are based on P3HT:PC60BM. There are multiple explanations for this
fact. Firstly, the materials have been thoroughly studied and properties like film forming and
morphology are well understood. Another reason is the good availability of P3HT resulting
in comparatively low prices. There have been a few reports on R2R processed solar cells with
narrow optical gap polymers but the results so far have not exceeded the ones of P3HT:PC60BM
most likely because much less research has been put into these systems, especially in terms of
processing. The paper from Bundgaard et al. reports on using a narrow optical gap polymer
poly(dithienothiophene-co-dialkoxybenzothiadiazole) (PDTTDABT) for R2R processed large
area modules. The device architecture was based on the standard inverted device architecture
reported by Krebs et al. The modules used PET/ITO as substrate followed by slot-die coating
of ZnO, the active blend and PEDOT:PSS. At the end a silver electrode was screen printed on
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top. The modules consisting of 16 series connected stripes with an active area of 96 cm2 had a
PCE = 0.6% based on the active area [101]. Similar results were also achieved for devices with
the same architecture but a different narrow optical gap polymer called PGREEN, a donor-
acceptor polymer comprised of 3,4-dioxythiophenes and 2,1,3-benzothiadiazole. The modules
with 12 series connected cells using a PGREEN:PC60BM blend and an active area of 450
cm2 had an efficiency of 0.3% (based on the active area) [102]. A similar efficiency of 0.5%
(based on the active area) was achieved with modules with the same architecture and using a
copolymer based on dithienylthiazolothiazole (DTZ) and silolodithiophene (SDT) [103]. The
module consisted of 16 series connected cells with the active area of 35.5 cm2.
In the following other results using R2R processing for individual layers or small area organic
solar cells will be shortly summarized:
• Kopola et al. reported in 2010 solar cells with conventional architecture and gravure
printed PEDOT:PSS and P3HT:PC60BM layers with a PCE of 2.8% for an active area
of 0.19 cm2 and a PCE of 1.6% for an active area of 1.93 cm2 [104]. The top electrode
consisting of calcium and silver was thermally evaporated. Based on the 1.93 cm2 cells
they fabricated modules with 5 and 8 cells connected in series. The modules with an active
area of 9.7 cm2and 15.5 cm2 achieved maximum efficiencies of 1.9% and 1.7% (based on
active area), respectively [105].
• Voigt et al. presented in 2011 small area (0.05 cm2) inverted solar cells on PET/ITO
where TiOx, P3HT:PC60BM and PEDOT:PSS were gravure printed [106]. For the top
electrode a gold layer was thermally evaporated. The cells only achieved efficiencies of
around 0.6% compared to 1.5% for the cells with spin coated instead of gravure printed
layers. The reason for the lower efficiency was attributed to unfavorable interfaces between
the printed layers due to the non ideal wetting behavior.
• In 2011 Zimmermann et al. reported modules consisting of 11 cells connected in series with
an aperture area of 20.6 cm2 and an active area of 13.2 cm2 with efficiencies of 1.4% and
2.2%, respectively [107]. They used an inverted illumination device architecture with an
thermally evaporated Cr/Al/Cr electrode on PET. On top of the electrode P3HT:PC60BM
and PEDOT:PSS were slot-die coated followed by the evaporation of gold. The most
impressive fact is the fill factor of 0.64 which shows a very well designed layout with a
low series resistance.
• Schrödner et al. reported in 2012 organic solar cells with slot-die coated PEDOT:PSS and
P3HT:IC60BA [108]. The cells with an active area of 0.25 cm2 and thermally evaporated
top electrode (Ca/Al) achieved a maximum efficiency of 3.2% whereas the reference cells
with the same active layer fabricated by spin coating on glass substrates achieved a
maximum PCE = 4.9%.
• Liu et al. showed in 2013 inverted solar cells with a polymer:polymer photoactive
blend and an active area of 4.2 cm2, which achieved an efficiency of 0.2% [109]. The
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donor used in this experiment was poly[(4,4’-bis(2-ethylhexyl)dithieno[3,2-b:2’,3’-d]silole)-
2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl] (PSBTBT) [110] and the acceptor polymer
was poly[N,N’-bis(2-decyl-tetradecyl)-3,4,9,10-perylenediimide-1,7-diyl]-alt-(dithieno[3,2-
b:2’,3’-d]thiophene-2,6-diyl) (PDI-DTT) [111]. The blend as well as ZnO and PEDOT:PSS
were slot-die coated and the top silver electrode was screen printed.
• In 2013 Helgesen et al. reported a fully printed/coated ITO-free solar cell with an effi-
ciency of 3.5% for an active area of 1 cm2. The devices on PET used a silver grid (flex-
ographic) with PEDOT:PSS (screen) and ZnO (slot-die) as cathode and PEDOT:PSS
(slot-die) and silver (flexographic) as anode. The active layer was a blend of PC60BM
and a copolymer based on dithienosilole (DTS) and dithienylthiazolothiazole (TTz) (PDT-
STTz), which was also slot-die coated [112].
• A different approach using paper as a substrate instead of foil for fully R2R processed
organic solar cells was reported in 2013 by Hübler et al. [113]. The cells with an active
area of 0.09 cm2 had an maximum efficiency of 1.3%. They deposited tin foil by cold
foil transfer on the paper substrate followed by gravure printing of P3HT:PC60BM and
flexographic printing of PEDOT:PSS. Recently, they showed modules with the same ar-
chitecture consisting of series connected cells, which achieved efficiencies of around 1%
[114].
• In 2014 Carlé et al. compared three narrow optical gap polymers PV-D4610 (Merck Chem-
icals Ltd.), PDTSTTz-4 (copolymer based on dithieno[3,2-b:2’,3’-d]silole and dithienyl-
thiazolo[5,4-d]thiazole), and PBDTTTz-4 (copolymer containing dioctyloxybenzo[1,2-b:
4,3-b’ ]dithiophene and thiazolo[5,4-d]thiazole) to P3HT in ITO- and vacuum-free flexible
modules [115]. The modules consisted of 4 cells connected in series and had an active area
of 8 cm2. Firstly, a silver grid was screen printed on PET followed by a slot-die coated
PEDOT:PSS layer. The subsequent layers were then fabricated on a compact laboratory
machine. The different photoactive layers followed by another PEDOT:PSS layer were
also slot-die coated. The silver grid top electrode was flexographic printed together with
the interconnections. The module with P3HT had a PCE = 2.1% and all the modules
with the narrow optical gap polymers achieved efficiencies of around 3% based on the ac-
tive area. The best PCE of 3.2% was reported for PDTSTTz-4. They also tested the T80
lifetime under constant illumination. Here P3HT achieved the best results with lifetimes
of up to 235 hours depending on the used barrier foil.
One very simple deposition technique that has not gained wide attention but will be dis-
cussed later in this thesis is blade coating (sometimes also called knife coating). The advantage
of this technique is its relative simplicity and the possibility to implement it into R2R process-
ing. In this case it is mostly known as knife-over-edge coating [116, 117]. Its compatibility with
R2R processing and the possibility to have a table top coating system (if necessary even in inert
atmosphere) makes it an interesting transition technique before moving to R2R processing. For
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P3HT:PC60BM blade coating has been used in the past and the results were quite encourag-
ing. In 2006 Schilinsky et al. presented 0.16 cm2 solar cells on glass/ITO with blade coated
PEDOT:PSS and P3HT:PC60BM [118]. The top electrode consisted of thermally evaporated
Ca/Ag and the resulting cells had an efficiency of up to 4%. Similar efficiencies were reported
three years later by Chang et al. [119]. They reported on the use of blade coating for de-
positing the P3HT:PC60BM layer in a conventional device architecture with ITO/PEDOT:PSS
as the anode and thermally evaporated Ca/Al as the cathode. The best devices with an ac-
tive area of 0.04 cm2 had an PCE of 3.8% better than the spin coated devices with 2.6%.
The improvement is claimed to be from an improved microstructure of the active layer. In
2012 Chang et al. reported cells with an active area of 0.05 cm2 and the following architec-
ture ITO/ZnO/P3HT:PC60BM/MoO3/Ag [120]. The active blend thereby was the only blade
coated layer and the devices had a maximum efficiency of 4.4%.
Besides P3HT there have been a few reports on other blade coated photoactive materials.
In 2012 Lim et al. presented solar cells with a blade coated layer of a blend of a narrow optical
gap polymer poly[(benzo-2,1,3-thiadiazol-4,7-diyl)-alt-(3’,4”di(2-octyldodecyl)-2,2’;5’,2”;5”,2”’-
quaterthiophen-5,5”’-diyl)] (POD2T-DTBT) and PC70BM [121]. The cells had a conventional
architecture with ITO/PEDOT:PSS as anode and thermally evaporated Al as cathode. The
devices with an active area of 0.04 cm2 achieved an average PCE = 6.5%, which was close to the
6.6% for the devices prepared by spin coating. In 2014 the same group of researchers reported
devices with the same area and architecture using a blade coated poly{[4,8-bis-(2-ethylhexyl-
thiophene-5-yl)-benzo[1,2-b:4,5-b’ ]dithiophene-2,6-diyl]-alt-[2-(2’-ethyl-hexanoyl)-thieno[3,4-b]
thiophen-4,6-diyl]}:PC70BM (PBDTTT-C-T:PC70BM) layer processed with chlorine-free sol-
vents [122]. The devices with an efficiency of around 6.0% came again close to the spin coated
devices using 1,2-dichlorobenzene (DCB) as a solvent (PCE = 6.4%). Li et al. reported sin-
gle and multi junction devices where all the layers were blade coated (including active layer,
PEDOT:PSS, and ZnO) except for the ITO and the Ca/Ag cathode [123]. For the photoactive
layer they used a diketopyrrolopyrrole-oligothiophene copolymer (PDPP5T) in combination
with PC70BM and achieved single junction efficiencies of 6.1% and tandem devices with 4.9%.
In summary it can be said that the upscaling of organic solar cells made significant progress
in the last 3 years. The best reported large area modules from Toshiba with 9.0% (aperture
area 25 cm2) or Heliatek with 7.7% (aperture area 142 cm2) are getting closer to the efficiencies
reported for small area devices (PCE = 12%). Flexible devices fabricated by R2R processes on
the other hand have not yet reached efficiencies of more than 5%, showing that there are still
some challenges to overcome.
1.4 Aims of this thesis
As shown in the introduction organic solar cells have made significant progress in the last 5
years (Figure 1.4) now reaching efficiencies of up to 12% for small area devices (≈ 1 cm2) [72].
Although there has been significant progress on upscaling organic solar cells especially in the
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last two years there is still room for improvement. Most of the reported large area modules
consist of individual cells connected in series due to the limited conductivity of the widely used
ITO/PEDOT:PSS electrode [78, 79, 82]. The device design with interconnected cells increases
the complexity of the fabrication process due to additional patterning and interconnection
steps, which will increase the fabrication costs of large area OSCs. In this thesis we will focus
on improving the efficiency of large area monolithic organic solar cells (active area 25 cm2) by
replacing the ITO/PEDOT:PSS electrode with an electrode with a higher conductivity.
In Chapter 2 we will introduce the working principles of organic bulk heterojunction solar
cells and establish the most important performance parameters for organic solar cells. Chap-
ter 3 reports on variations in terms of the efficiency of organic solar cells that can arise from
differences in the measurement setup like using or not using an aperture mask or the way the
solar cell is connected to the SMU (i.e. 2wire or 4wire configuration). Chapter 4 compares
two different coating techniques, namely spin coating and blade coating for the deposition
of the photoactive layer. Large area organic solar cells (25 cm2) with the highly efficient
PCDTBT:PC70BM blend are fabricated and characterized. To increase the efficiency of these
large area devices, transparent electrodes with a higher conductivity than ITO/PEDOT:PSS
are presented in Chapter 5. The ITO/PEDOT:PSS electrode in 25 cm2 monolithic solar cells is
replaced with two different transparent insulator/metal/insulator stacks, which have a higher
conductivity than ITO/PEDOT:PSS with similar optical transmission in the visible light. In
Chapter 6 a new narrow optical gap donor polymer based on diketopyrollopyrrole is used in
combination with a highly conductive electrode consisting of ITO, a silver grid and PEDOT:PSS
to realize highly efficient monolithic large area solar cells. Finally, in Chapter 7 conclusions are
drawn and possible starting points for future research are suggested.
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Chapter 2
Working principles of Organic Solar
Cells
In this chapter the general working principles of organic solar cells will be described. The focus
will be on bulk heterojunction solar cells since all the experimental data is based on this type
of device. There will also be an introduction of the most important solar cell parameters and
their relationship to the device physics.
2.1 Device Physics of Organic Solar Cells
Bulk heterojunction solar cells based on donor polymers in combination with fullerenes are still
the most discussed devices in literature [124] although the focus on small molecule devices has
increased in recent years. All of the devices presented in the experimental part of the thesis
are based on BHJs with fullerenes as the acceptor material. The explanations of the working
principle of OPVs will therefore focus solely on this type of cell. For simplicity the terms Highest
Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) will
be used throughout this thesis instead of ionization potential and electron affinity knowing that
there is still a debate about the fact when these terms can be used interchangeably [23, 24].
The typical BHJ solar cell, as shown in Figure 1.8 consists of five layers: anode, hole extrac-
tion layer (HEL), BHJ/photoactive layer, electron extraction layer (EEL) and cathode. When
a photon gets absorbed by the donor phase of the photoactive layer it excites an electron from
the HOMO to the LUMO (process 1 in Figure 2.1). In contrast to inorganic semiconductors,
the electron is still strongly bound to the hole by Coulombic attraction due to the low dielectric
constant of organic semiconductors [19]. This electron-hole pair is called an exciton and is the
reason why OSCs are also often called excitonic solar cells. If the photon on the other hand
is absorbed by the acceptor phase two different processes have been suggested in the litera-
ture. The first process involves energy transfer from the photoexcited acceptor to the donor
polymer followed by creating an exciton in the donor. The second and more recently proposed
process is based on creating an exciton in the acceptor phase [125, 126]. Figure 2.1 shows the
processes involved in charge generation for a) photo-induced electron transfer from the donor
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to the acceptor and b) photo-induced hole transfer from the acceptor to the donor.
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Figure 2.1: Simplified energy diagram for the charge generation process for a) photo-
induced electron transfer and b) photo-induced hole transfer. The steps are as follows: 1
Absorption of a photon and generation of a exciton. 2 Exciton diffusion to the hetero-
junction. 3 Charge transfer and formation of a CT state. 4 Charge carrier transport to
the electrode. 5 Charge extraction at the electrode.
Independent of where the exciton resides, the next step is to separate the bound charges
to generate free charge carriers. This is where the importance of the BHJ lies. The generated
excitons are neutral quasiparticles and therefore only move by diffusion and not by an applied
field. The problem is that the exciton diffusion length in all of the used organic semiconductors
is only of order of a few to tens of nanometers meaning that the exciton recombines if it is not
separated within its lifetime [23, 127]. In an optimized BHJ these diffusion lengths are enough
for excitons to reach a donor-acceptor interface (process 2 in Figure 2.1).
Assuming that the exciton was created in the donor and has reached the interface the
electron will transfer from the LUMO of the donor to the acceptor if the energy offset between
the LUMOs of the donor and the acceptor is larger than the exciton binding energy [process 3
in Figure 2.1 a)] [128]. This process has been shown to be very fast (10s of femtoseconds) and
efficient [129]. Essentially the same happens when the exciton was generated in the acceptor
only that there is a hole transfer from the acceptor to the donor instead and the relevant energy
offset is between the acceptor and donor HOMO [process 3 in Figure 2.1 b)] [126, 130].
What happens after the charge transfer is still not fully understood and a comprehensive
study and explanation is not the focus of this thesis. It has been suggested that there is an
intermediate state after the generation of the exciton and before generation of separated free
charge carriers. This state is called the charge transfer (CT) state where the electron and
the hole are still weakly bound [23, 128]. The CT state can then either undergo geminate
recombination or full charge separation. The efficiencies of these competing processes have
been discussed in the literature [128, 131–133].
In the last few years there has been an extensive discussion on the influence of the energy of
the absorbed photons on the dissociation of the CT state. It has been suggested that excitons
generated from photons with energies greater than the optical gap of the semiconductor, so
called hot excitons, have a higher probability to separate, which can then lead to an increase
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in charge generation [134–136]. So far it has not been shown that this photon excess energy
enhances the efficiency of CT state dissociation in organic solar cells [137–139].
After full separation of the electron and the hole, i.e. overcoming the Coulomb attraction,
the carriers need to travel to their respective electrodes for charge carrier collection. That means
the electrons are moving through the acceptor phase to the cathode and the holes through the
donor phase to the anode (process 4 in Figure 2.1). The transport of the charges either relies
on diffusion, drift or a combination of both [140]. Diffusion is based on a carrier concentration
gradient in the film and is dominant when the applied external field negates the internal field.
The carrier diffusion distance or length is given by
Ldiff =
√
Dτ =
√
µτkT
e
(2.1)
where D is the diffusion coefficient, τ is the carrier lifetime, µ is the charge carrier mobility, k
is the Boltzmann constant, T is the temperature and e is the electron charge. The carrier drift
on the other hand is strongly dependent on the electric field in the film. This can be either the
built-in field, an applied external field or a combination of both. The drift distance is defined
Ldrift = µτE (2.2)
where E is the electric field inside the film. Taking a closer look at Equation (2.1) and Equa-
tion (2.2) it can be seen that both depend on the µτ product. This parameter therefore acts
as a measure of how far a charge carrier can travel before recombining [132]. This means the
active layer thickness needs to be chosen in regard to the µτ product, so that the carriers
can reach an electrode before recombination, to achieve highly efficient organic solar cells. For
active blends with slower charge carrier mobilities < 10−4 cm2/Vs (e.g. PCDTBT:PC70BM)
this results into thin photoactive layers (≈ 100 nm). Fortunately, the extinction coefficients of
organic semiconductors are high (104 − 105 cm−1) so that a 100 nm thin junction still absorbs
more than 50% of the light [127]. Once again non-geminate recombination has been a field
of extensive debate and will not be discussed here. Further information can be found in the
literature [132, 141–143].
The final step after the charge carriers moved through the film towards the electrodes is the
extraction of the charges (process 5 in Figure 2.1). For efficient charge extraction, the work
function of the electrode needs to be close to the HOMO of the donor for hole collection and
close to the LUMO of the acceptor for electron collection. If this is the case they can form
ohmic contacts and the VOC is independent from the work functions of the electrodes and only
defined by the photoactive materials [144–147]. In conventional devices ITO is predominantly
used as the anode and a low work function metal as cathode (e.g. aluminum). To further
optimize the ohmic contact a great variety of interlayers have been used. The most common
anode interlayers are PEDOT:PSS [145] and MoOx [148]. For the cathode ZnO [149], LiF [150],
Sm [151] and TiO2 [39] have been reported in the literature.
As already mentioned before different types of recombination effect the efficiency of organic
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solar cells. Firstly, there is the geminate or mono-molecular recombination of the CT state.
It is called geminate because the bound electron and hole originate from the same exciton.
The recombination can be either radiatively or non-radiatively and happens within 100 ns of
formation of the exciton [152–154]. The behavior can be described by the Onsager-Braun model,
which shows that the probability for dissociation of the CT state is dependent on the mobility
lifetime product µτ [155]. Seeing that the internal quantum efficiency reaches almost to 100%
in some of the polymer:fullerene systems [47, 156], geminate recombination does not seem to
be an issue in these systems [157, 158]. The second type of recombination is related to free
charge carriers and is called non-geminate or bi-molecular recombination because the electron
and hole are most likely from different excitons. Based on the fact that the free charge carriers
travel in their respective phases (i.e. donor or acceptor phase) bi-molecular recombination is
most likely to happen at the interface between the phases. It is also assumed that the electron
and hole form a CT state at the interface before they eventually recombine (radiatively or non-
radiatively) [23, 159]. The recombination rate for free charge carriers in low mobility organic
semiconductors can be described by
R = β(np− n2i ) (2.3)
where β is the recombination constant and n, p and ni are the electron, hole and intrinsic carrier
concentrations. In Langevin theory the recombination constant β is usually described by
βL =
e(µn + µp)
0r
(2.4)
where µn and µp are the electron and hole mobility, e is the elementary charge and 0 and
r are the vacuum and relative permittivity, respectively. This shows that the bi-molecular
recombination is a material property and has been shown to differ significantly for different
BHJ systems. P3HT:PC60BM for example has been shown to have a strongly suppressed
bi-molecular recombination [132, 160].
2.2 Solar cell parameters
The main parameters to evaluate a solar cell, organic as well as inorganic, are the power
conversion efficiency (PCE), short circuit current density (JSC), open circuit voltage (VOC)
and the fill factor (FF ). These parameters can be extracted from the current density - voltage
characteristics (J−V ). An example of such a J−V curve is shown in Figure 2.2. Additional to
these, parameters like the series (RS) and shunt resistance (RSh) as well as the incident photon-
to-current efficiency and internal quantum efficiency might be of interest. All the different
parameters will be explained in a little more detail in subsequent sections.
Upon examination of the dark J−V curve in Figure 2.2 the diode behavior is quite obvious.
There is only a small amount of current flowing in reverse bias and when the applied voltage
under forward bias becomes equal or greater than the built-in potential the diode “turns on”.
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Figure 2.2: Current density-voltage characteristics of a solar cell in the dark and in
light.
This behavior can be described by the Shockley equation
JD(V ) = JS(e
qV
nkT − 1) (2.5)
where JS is the reverse saturation current density, q is the elementary charge, V is the applied
voltage, n is the ideality factor, k is the Boltzmann constant and T is the temperature. The
ideality factor n determines the deviation of the diode behavior from an ideal diode (n = 1). For
inorganic p-n junctions n usually lies between 1-2 while the ideality factor for organic diodes has
been shown to widely vary from 1 to over 5 depending on the materials used and measurement
method (dark J-V or light intensity dependent measurements) [161, 162]. Under illumination
a term for the photo-induced current needs to be added (Jph). Equation (2.5) then becomes
J(V ) = JS(e
qV
nkT − 1)− Jph(V ). (2.6)
This photo-induced current has been shown to be dependent on the voltage for BHJ systems,
which besides recombination is one of the major reasons for a large non-ideality factor and
therefore deviation from the Shockley equation [162–164].
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2.2.1 Short circuit current density
The short circuit current density is not measured directly. It is calculated by following equation
JSC =
ISC
A
(2.7)
where ISC is the short circuit current and A is the active area of the solar cell. ISC is measured
by shorting the anode and cathode so that there is no external field and then dividing it by the
active area of the solar cell. In Figure 2.2 JSC is represented by the point where the J-V curve
crosses the J-axis. It is mostly defined by the amount of absorbed photons, the efficiency of
the charge separation process and the transport of the created charge carriers to the electrode
[165]. Aspects regarding the accurate measurement of the short-circuit current density and the
J-V characteristics in general are discussed in Chapter 3.
2.2.2 Open circuit voltage
The VOC is measured under illumination with open contacts, i.e. without any load. This means
there is no current flowing because the charge generation rate equals the recombination rate. In
Figure 2.2 it is the point where the J-V curve crosses the V-axis. In the past it has been shown
that the energy difference between the HOMO of the donor and the LUMO of the acceptor
correlates linearly with the open circuit voltage including an energy offset of 0.3 - 0.5 V, which
lowered the VOC [144]. In recent years multiple researchers proposed that the VOC is related
to the energy of the charge transfer state [133, 166, 167]. There is still a discrepancy between
the maximum VOC based on the CT state energy and the actual experimentally measured VOC .
The difference of 0.3 - 0.5 V between these two is attributed to recombination losses [133].
Using Equation (2.6) the VOC can be expressed as
VOC =
nkT
e
ln(Jph
JS
+ 1) (2.8)
which shows it depends on the photocurrent and the saturation current.
2.2.3 Fill factor
The fill factor is the relation between the power at the maximum power point and the JSC ·VOC
product. It can be expressed by following equation
FF = JMP · VMP
JSC · VOC (2.9)
where JMP is the current density and VMP is the voltage at the maximum power point. In
Figure 2.2 it is the ratio between the area of the gray and the white rectangle. The main
influences on the fill factor are the charge transport and recombination of charge carriers.
30
2.2.4 Power conversion efficiency
The PCE is the main parameter for the evaluation of solar cells. It is a measure of how much of
the incident light power is converted into electrical power. The PCE is usually given in percent
and can be calculated by following equation
PCE = Pout
Pin
= JSC · VOC · FF
Pin
. (2.10)
For a better comparison of efficiencies common standards have been defined in terms of
incident light power (ASTM G173-03, IEC 904-3). These standards assume an AM1.5G solar
spectrum (1.5 Air Masses with global diffuse irradiance) with an integrated incident power
density of 1000 W/m2 at 25 °C which is a good approximation for the conditions in most
highly populated parts of the world (e.g. Europe, most of North and South America, most
parts of Asia and Australia). This changes Equation (2.10) to
PCE = JSC · VOC · FF100 mW cm−2 . (2.11)
If not stated otherwise this equation has been used throughout this thesis for calculating the
PCE.
2.2.5 Series and shunt resistance
What has been discussed so far assumed an ideal solar cell consisting only of an intensity
dependent current source and a diode. In reality things are not that simple. The real solar
cell can be described by the equivalent circuit shown in Figure 2.3. This circuit includes the
series and shunt resistance beside the already mentioned current source and diode. Ideally the
series resistance (RS) would be zero but in reality it is a combination of the contact resistance
between the photoactive layer and the electrodes, the resistance of the electrodes themselves,
the external wiring and the internal resistance of the photoactive layer. A high RS leads to a
reduced charge carrier extraction resulting in a limited JSC and FF . The series resistance can
be estimated from the slope of the J − V curve in forward bias (V ≥ VOC).
The second resistance shown in Figure 2.3 is the shunt resistance (RSh) sometimes also
called the parallel resistance. Ideally RSh is infinite but in reality it is mainly defined by the
quality of the photoactive layer. Any defects like pin-holes or partial short circuits as well as
alternative current paths between the electrodes besides the photoactive layer will reduce the
shunt resistance. A low shunt resistance will lead to a reduced fill factor and a decrease of the
VOC . RSh can be estimated from the slope of the J − V curve around JSC .
Both terms can be incorporated into Equation (2.6) [168, 169] leading to the following
equation
J = JS(e
qVD
nkT − 1)− Jph + VD
RSh
(2.12)
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Figure 2.3: Equivalent circuit for a solar cell including a light-dependent current source,
a diode for the dark current and parasitic resistances (shunt resistance RSh and series
resistance RS).
where VD is the voltage across the diode
VD = V − IRS = V − JARS. (2.13)
Combining Equation (2.12) and Equation (2.13) eventually leads to
J = JS(e
q(V−JARS)
nkT − 1)− Jph + V − JARS
RSh
. (2.14)
This equation can only be solved numerically since it is transcendental with J dependent on J .
Methods of how to extract the parameters from experimental J-V curves have been reported
in the literature [168–170].
2.2.6 External and internal quantum efficiency
The spectral response of a solar cell can be determined by measuring the photocurrent under
monochromatic illumination over a wide range of wavelengths. The incident photon-to-current
efficiency (IPCE) or external quantum efficiency (EQE) is “the ratio of the measured photocur-
rent (in electrons per unit area and time) to the intensity of incoming monochromatic light in
photons per unit area and time” [171]. It depends on the absorption of the photoactive layer,
the charge carrier generation and the charge collection. The EQE spectrum indicates which
parts of the solar spectrum are actually contributing to the photocurrent. In Figure 2.4 the
EQE spectra of PCDTBT:PC70BM devices with different active layer thicknesses reported by
Armin et al. are shown [156]. It can be seen that the shape of the EQE spectrum changes
significantly for different active layer thicknesses. The reason for the different spectral depen-
dencies is the fact that organic solar cells must be considered low finesse optical cavities due
to the number of very thin transparent and reflective films (< 200 nm) in the device. The op-
tical field distribution therefore depends on the complex refractive indices and the thicknesses
of each layer and is governed by optical interference. Only for thick junctions the absorption
follows the Beer-Lambert law
A = αd (2.15)
32
where the absorbance depends on the absorption coefficient α and the layer thickness d, resulting
in an EQE spectrum independent of the wavelength [156].
Figure 2.4: EQE spectra of PCDTBT:PC70BM devices with different active layer thick-
nesses. Reprinted with permission from [156]. Copyright 2014 American Chemical Society.
The EQE is usually measured using a calibrated photodiode (in most cases silicon) with
a known responsivity Sref (λ). The responsivity of a photodiode is the wavelength dependent
ratio of electrical output (e.g., photocurrent) and incoming optical power. With the following
equation, where h is Planck’s constant, c is the speed of light, q is the elementary charge, λ is
the wavelength, Itest(λ) and Iref (λ) are the wavelength dependent currents of the tested and
reference cell, the external quantum efficiency can be calculated
EQE = hc
qλ
· Itest(λ)Sref (λ)
Iref (λ)
. (2.16)
For a better understanding of the internal processes like charge carrier generation and
transport it is often advantageous to only take the actual absorbed photons into account.
This quantum efficiency is then called the internal quantum efficiency (IQE). There have been
different ways of calculating the IQE from EQE spectra reported in the literature which all can
lead to very different results depending on the architecture of the measured device (e.g. layer
thicknesses, number and type of layers). Armin et al. have conducted a very thorough study
with PCPDTBT:PC60BM solar cells and the different ways of attaining the IQE spectra [156].
The resulting spectra are shown in Figure 2.5. There is for example a significant difference
between the spectrum calculated by only using the transmission of the photoactive layer and
the spectrum attained by measuring the reflectance of the whole solar cell. The most accurate
way based on the findings of Armin et al. is to measure the reflectance of the whole cell (R)
and combine it with the absorption of each layer of the cell (PA) calculated by the transfer
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matrix method. The “true” IQE [Figure 2.5 d)] then can be calculated by
IQE = EQE1−R− PA. (2.17)
2.3 Conclusions
In this chapter the working principles of organic solar cells were explained. The focus was on
the excitonic character of OPVs resulting in a different charge generation process compared to
inorganic solar cells. Due to the low permittivity of organic semiconductors, the absorption
of a photon does not lead to free charge carriers like in inorganic semiconductors. The gener-
ated electron-hole pair called an exciton is strongly bound by Coulombic attraction making it
necessary to dissociate it at a donor-acceptor heterojunction. Furthermore, solar cell perfor-
mance parameters were introduced. These parameters are not exclusively used for OPVs but
for all kind of solar cells. They will be used throughout this thesis to evaluate and compare the
prepared solar cells.
34
Figure 2.5: Comparison of different approaches for calculating IQE for
PCPDTBT:PC60BM solar cells. Reprinted with permission from [156]. Copyright 2014
American Chemical Society.
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Chapter 3
Characterization of organic solar cells
3.1 Introduction
In this chapter the measurement procedures used in this thesis will be explained. The focus
will be on the different measurement configurations for current density-voltage characteriza-
tion using a source measurement unit (SMU) and the influence of an aperture mask on the
measurement. We will show what influence these two factors have on the measured solar cell
parameters of organic solar cells with two different active area sizes (0.2 and 25 cm2).
3.2 Standard measurement procedures
In this first section of the chapter the standard measurement procedures used in the work de-
tailed in this thesis are explained. Unless otherwise stated later in the thesis the measurements
described, have been performed according to the protocol laid out here.
All current density-voltage measurements have either been performed with a Keithley 2400
SourceMeter or an Agilent B1500A Semiconductor Device Analyzer using two High-Power
SMUs. The reported solar cell parameters are either averages of all measured devices or the
results of the "hero" device in case less than 4 devices have been tested. The measurements were
performed in a 4wire-connect configuration. More detail of the actual setup with advantages
and disadvantages are presented in Section 3.3. An Abet Sun 2000 solar simulator was used
for illumination and calibrated to 1000 W/cm2 with a National Renewable Energy Laboratory
(NREL) certified silicon solar cell with a KG5 filter. The spectral mismatch factor (calcu-
lated based on [172]) for the solar simulator with respect to the AM1.5G spectrum between
the reference cell with KG5 filter and the tested PCDTBT cells was around 0.98. The EQE
spectra were acquired with a QEX7 Spectral Response System from PV Measurements. All of
these characterizations were performed in a nitrogen filled glove box with oxygen and water
concentration < 5 ppm.
Film thicknesses were measured with a Dektak 150 profiler or with a SCI Filmtek 2000M
spectrophotometer. The transmission and absorption spectra of the different thin films were
measured using a Varian Cary 5000 UV-VIS-NIR spectrophotometer.
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The sheet resistances of the electrodes were measured with a Four Point Probe Measurement
System from Keithlink. The spacing between the four gold coated probes arranged in line
(diameter 100 µm) was 1.6 mm. The sheet resistance for the electrodes with a metallic grid were
calculated from the measured resistance of the electrodes. A Keithley 2000 Digital Multimeter
in 4wire mode was used to acquire the resistance. For the measurement a highly conductive bus
bar (200 nm thick aluminum) was thermally evaporated at opposite edges of the electrode to
achieve a uniform contact over the full width of the electrode. The resistance of a rectangular
shaped electrode can be expressed by
R = ρ · l
w · d (3.1)
where ρ is the resistivity, l is the length of the electrode (from bus bar to bus bar), w is the
width of the electrode and d is the thickness of the electrode. The sheet resistance then can be
written as
R =
ρ
d
. (3.2)
Combining Equation (3.1) and Equation (3.2) gives an equation for the sheet resistance in
Ω/ depending only on the geometry of the electrode and the measured resistance
R = R · w
l
. (3.3)
3.3 Measurement configuration for current density-volt-
age characterization
Reports in the literature on the measurement of organic solar cells are scarce. While there are
standards for testing of crystalline silicon photovoltaic modules [173] and thin-film modules [174]
there is no such standard for organic photovoltaics. Round robin and inter-laboratory studies
of organic solar cells have shown that there are differences in device performance between
research laboratories due to different measurement setups and calibration protocols [175, 176].
This sometimes even leads to debates about the validity of reported data on organic solar cells
[177, 178].
In recent years researchers started to address this issue with discussions at conferences
and meetings resulting in initial standard testing protocols, for example for stability testing
[176, 179]. Having a standard protocol for measuring organic photovoltaic devices would allow
a better comparison of results between laboratories. Issues in terms of characterization of OSCs
that have been addressed in the literature are the calibration of solar simulators (intensity and
spectral mismatch factor) [172, 180–184], the use of an aperture mask for J−V characterization
to precisely determine the active area of the tested cell [172, 182–185], the layout of the cell
[185], and statistical analysis of the measured data [186]. There have also been guidelines
proposed for accurate J − V measurements including [179]:
• a voltage sweeping range of ± 1-2 V,
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• sweeping in both directions,
• at least 100 - 200 data points for the measurement,
• 10 - 100 ms between individual data points (i.e. longer than the device response time),
• perform dark measurements before measurement under illumination, and
• repeatedly record the J-V curve until the variation in consecutive readings is below 3%.
One topic that has been discussed scarcely in literature is the configuration of the measure-
ment for J − V characterization, i.e. the way the device is connected to the SMU. In most
cases it is only mentioned that a 2wire measurement configuration will result in a higher series
resistance than a 4wire configuration but the difference is not quantified [179, 187]. In the next
sections we will show the influence of the measurement configuration on the measured solar cell
parameters for small (0.2 cm2) and large area (25 cm2) organic solar cells.
3.3.1 Influence of the measurement configuration on the perfor-
mance of small area organic solar cells (0.2 cm2)
In this section we will show the influence of the measurement configuration on the performance
of 0.2 cm2 solar cells. The test devices had a conventional architecture using ITO/PEDOT:PSS
(Clevios P VP AL4083)/PCDTBT:PC70BM/Sm/Al. In Figure 3.1 the layout of a 0.2 cm2 solar
cell on a 2.5 x 2.5 cm2 substrate and the four different measurement configurations are shown.
The different configurations are:
• 2wire: the source high (So+) contact is connected to one of the ITO contacts of the cell
and the source low (So-) contact is connected to one of the Al contacts of the cell.
• 2wire-connect: two ITO contacts are joined together and connected to So+, while the
two Al contacts are joined as well and connected to So-.
• 4wire: in addition to the connection for the 2wire configuration a second ITO contact is
connected to sense high (Se+) and the second Al contact is connected to sense low (Se-).
• 4wire-connect: the same as 4wire except that the two ITO contacts as well as the two Al
contacts are each joined together close to the solar cell. The connection close to the solar
cell is important so that the voltage drop over the cable resistance between the SMU and
the measured device can be compensated. This principle will be explained in more detail
later in the section.
The J −V characteristics of one of these cells with an active area of 0.2 cm2 in the different
measurement configurations is shown in Figure 3.2. The inset shows a zoomed in section
around the maximum power point, which reveals a difference in the fill factor depending on
the configuration used. This is confirmed by the calculated fill factors, which are summarized
together with the other solar cell parameters in Table 3.1. The fill factor of the cell varies from
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Figure 3.1: Small area solar cell (0.2 cm2) and the different ways of connecting it to a
SMU for J − V characterization.
0.51 to 0.55 depending on the configuration used whereas there is no significant change in JSC
and VOC . There is a 9% difference in the power conversion efficiency between the 2wire and
the 4wire measurement.
Table 3.1: Comparison of the solar cell parameters of a 0.2 cm2 PCDTBT:PC70BM cell
measured in different measurement configurations.
Measurement configuration 2wire 2wire-connect 4wire 4wire-connect
JSC [mA/cm2] 11.5 11.5 11.7 11.5
VOC [V] 0.80 0.80 0.79 0.80
FF 0.51 0.52 0.55 0.53
PCE [%] 4.7 4.8 5.1 4.9
To understand the difference in fill factor and the resulting difference in PCE we have to
take a look at the operation mode of the Keithley 2400 SMU [188] and the equivalent circuit
of the solar cell. These are shown in Figure 3.3 for the different measurement configurations.
In the 2wire mode the SMU is a voltage source with an ammeter in series and a voltmeter in
parallel to measure the current and the voltage. For the 2wire configuration the two contacts
of the SMU are directly connected to the solar cell. There will be voltage losses over the
series resistance of the solar cell (mostly defined by the sheet resistance of the ITO electrode)
depending on the amount of current generated by the solar cell and the cable resistance of the
leads from the SMU to the cell. These losses will reduce the performance of the device.
For the 2wire-connect measurement two additional contacts are joined with the ones from the
2wire configuration [dotted lines in Figure 3.3 a)]. This means charge carriers are extracted from
four instead of two contacts and the series resistance of the device is reduced. The decreased
39
-20
-10
0
10
20
30
40
50
60
70
-1 -0.5 0 0.5 1
C
u
rr
e
n
t 
d
e
n
s
it
y
 [
m
A
/c
m
²]
Voltage [V]
2wire light
2wire-connect light
4wire light
4wire-connect light
-12
-10
-8
-6
-4
-2
0
0.4 0.5 0.6 0.7 0.8
C
u
rr
e
n
t 
d
e
n
s
it
y
 [
m
A
/c
m
²]
Voltage [V]
Figure 3.2: J − V characteristics under AM1.5G illumination of a 0.2 cm2
PCDTBT:PC70BM solar cell in different measurement configurations. The inset shows a
magnification around the maximum power point to show the difference in fill factor.
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Figure 3.3: Equivalent circuits of the 2wire and 4wire measurement configurations in-
cluding the Keithley 2400 SMU [188]. The dotted lines indicate the connections for the
2wire-connect and 4wire-connect configurations.
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series resistance results in an increased injection current under forward bias conditions as shown
in Figure 3.2 but only in a slight improvement of the PCE from 4.7% to 4.8%. This means in
the small area devices the charge extraction is not significantly hindered by the series resistance.
In the 4wire mode the source contacts of the SMU act as voltage source with an ammeter
in series for measuring the current [Figure 3.3 a)]. The sense contacts of the SMU are acting as
a voltmeter measuring the voltage between the two contacts. This voltage is then compared to
the applied voltage of the source and adjusted if it is not matching the desired nominal value.
This means the actual voltage applied at the solar cell will vary from the nominal value set at
the SMU if there are any significant voltage drops over the lead resistance or series resistance
of the cell. In the case of the 0.2 cm2 cells this leads to a 8% increase in fill factor (0.55 instead
of 0.51) and only a minimal increase in JSC due to the small currents flowing in the circuit
and the resulting small voltage drops over the series resistance. The overall difference in power
conversion efficiency between the 2wire and 4wire configuration was 9% (4.7% to 5.1%).
For the 4wire-connect configuration the positive source and sense contacts as well as the
negative ones are connected as close as possible to the solar cell [dotted lines in Figure 3.3
b)]. This means a possible voltage drop over the series resistance of the solar cell does not
influence the actual applied voltage, but any voltage drops over the cable resistances will be
compensated. This measurement configuration will give similar results to the 2wire-connect
configuration if the cable resistance of the measurement setup is low (< 1 Ω). This is the case
for the experiment with the 0.2 cm2 cells resulting in similar solar cell parameters (Table 3.1).
3.3.2 Influence of the measurement configuration on the perfor-
mance of large area organic solar cells (25 cm2)
After demonstrating that the measurement configuration has an influence on the performance
of the solar cell, although the relative difference was only 9% in the power conversion efficiency
of 0.2 cm2 cells measured by 2wire and 4wire configurations, we repeated the measurement with
a 25 cm2 solar cell. The layout of the cell with four electrode contacts is shown in Figure 3.4
a) and the fabrication of such monolithic large area solar cells will be discussed in Chapter 4.
The measurement configurations tested were the same as for the small area devices and the
J − V characteristics for the cell are shown in Figure 3.4 b). It can clearly be seen that there
is a significant difference between the results for the 4wire measurement and the other three
configurations. With the 4wire configuration the resulting PCE was around 4% whereas for the
other three the efficiency was around 1% (Table 3.2). In contrast to the small area solar cells
the current flowing in the circuit is much higher (>100 mA compared to ≈ 2.5 mA) resulting
in a significant voltage drop over the series resistance of the solar cell. This voltage drop over
the series resistance means that the voltage measured at the sense contacts of the SMU will
be lower than the nominal value, which leads to the adjustment of the source voltage until the
voltage at the sense contacts matches the desired nominal value.
With the exception of the 4wire configuration the parameters of the other three configu-
rations do not vary significantly. The improvement in PCE from 0.9% to 1.0% for the 2wire-
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Figure 3.4: a) Photograph of a 25 cm2 solar cell with the four contacts for measurement.
b) J−V characteristics under AM1.5G illumination of a 25 cm2 PCDTBT:PC70BM solar
cell in different measurement configurations.
connect configuration compared to 2wire is based on a slight increase in JSC due to the extrac-
tion from two contacts instead of one. By using the 4wire-connect configuration the PCE is
further increased to 1.1%. The increase is due to the compensation of the voltage drops over
the cable resistances discussed previously for the small area cells. In contrast to the small area
cells these voltage drops become more prominent for the large area cells as a result of the higher
currents flowing through the circuit.
Table 3.2: Comparison of the solar cell parameters of a 25 cm2 PCDTBT:PC70BM cell
measured in different measurement configurations.
Measurement configuration 2wire 2wire-connect 4wire 4wire-connect
JSC [mA/cm2] 4.0 4.3 9.6 4.6
VOC [V] 0.85 0.85 0.81 0.85
FF 0.28 0.28 0.52 0.29
PCE [%] 0.9 1.0 4.0 1.1
To quantify this phenomenon we measured the applied voltage over the source terminals of
the SMU with a digital multimeter (Keithley 2000) and compared the value with the nominal
value set at the SMU. The circuit for the measurement is shown in Figure 3.5 a). The results of
this measurement for the cell in 4wire and 4wire-connect configuration can be seen in Figure 3.5
b). For the 4wire-connect configuration the curve almost follows the ideal behavior [Vmeas =
Vset, dashed line in Figure 3.5 b)] with only slight variation under reverse bias. This difference
can be explained with the voltage drops over the cable resistances discussed earlier, which
increase with the current flowing through the circuit. For the 4wire configuration the measured
voltage does not match the values set at the SMU, for example instead of 0 V the applied voltage
is around -2 V. That means the cell is not under short circuit condition but in reverse bias,
which explains the higher observed “short circuit current density” in 4wire configuration. The
actual difference between the measured and the set voltage will vary with the series resistance
of each cell and is therefore dependent on the conductivity of the electrode and the size of the
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cell. The results show that the 4wire configuration in combination with a Keithley SMU can
not be used for the characterization of organic solar cells.
a) b)
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Figure 3.5: a) Circuit diagram for the comparison of the nominal value set for the voltage
at the SMU (Vset) and the actual applied voltage measured over the source terminals
(Vmeas). b) Vset vs Vmeas curves for a 25 cm2 solar cell under AM1.5G illumination in 4wire
and 4wire-connect configuration. The dashed line shows ideal behavior, i.e. Vmeas = Vset.
Based on the results from our experiments on the different measurement configurations we
recommend using the 4wire-connect configuration for the characterization of organic solar cells
independent of their active area. This configuration allows for compensation of the voltage
drops over the cable resistances, which increase with the current generated by the solar cell.
This means using the 4wire-connect configuration becomes more important with larger solar
cells.
3.4 Influence of an aperture mask on solar cell current
density-voltage configuration
After showing the importance of the measurement configuration for the characterization of
organic solar cells in the last section we now examine the influence an aperture mask has on
the characterization of organic solar cells. This topic has already been discussed in the literature
[182–185].
The short circuit current density and therefore the power conversion efficiency depends on
the active area of the solar cell. Generally, the active area is considered to be the region of
overlap between the two electrodes. This is only correct if the photoactive layer is patterned
with the same size as the overlap region, which is usually not the case. The active layer outside
the overlap area of the two electrodes will still contribute to the photocurrent, which results in
an overestimation of the JSC . This behavior is called the edge effect and has been described
for different types of thin film solar cells [182–185]. The magnitude of the effect depends on
the size of the overlap, the conductivity of the active layer and the used transport layers, and
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the patterning of the extraction layers and electrode. A small overlap region and unpatterned
charge extraction layers like PEDOT:PSS could lead to a significant overestimation of the JSC .
Snaith showed that for a P3HT:PC60BM solar cell with an nominal active area of 0.12 cm2 the
overestimation can be as large as 40% when not using an aperture mask [182]. Cravino et al.
have shown that by using very small nominal active areas (< 0.01 cm2) the overestimation by
not using an aperture mask will increase to 100% [185].
A photograph of a standard 2.5 cm x 2.5 cm substrate with six solar cells (active area 0.2
cm2) used in our laboratory together with a schematic of the used aperture mask is shown in
Figure 3.6 a). The mask has an aperture area of 0.19 cm2 compared to the active device area
of 0.2 cm2. The accuracy of the mask alignment with the device is based on the tolerance
of the size of the glass substrate which is given by the manufacturer with ± 0.1 mm. The
same cell as for the tests in Section 3.3 was used for our experiments in the 4wire-connect
measurement configuration. The J − V characteristics of the cell measured with and without
aperture mask are shown in Figure 3.6 b). It can be seen that the short circuit current density
without the mask is higher than with the mask, which leads to an approximately 10% higher
power conversion efficiency of 4.9% compared to 4.4% (Table 3.3). This is lower than what has
been reported by Snaith and Cravino et al. but still a considerable difference when reporting
efficiency values.
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Figure 3.6: a) Photograph of a substrate with six 0.2 cm2 including the aperture mask.
b) J − V characteristics of a 0.2 cm2 PCDTBT:PC70BM solar cell in 4wire-connect con-
figuration measured with and without aperture mask.
For the 25 cm2 no difference was observed since the testing holder for the cells already acts
as a aperture mask. Even if this would not be the case the difference is expected to be much
smaller than for the small area devices due to the large active area and the comparably small
region of illuminated active layer outside the active area. For the small area cells the nominal
active area of the six cells covers around 19% of the substrate area whereas for the large area
cells it covers around 69%.
44
Table 3.3: Comparison of the solar cell parameters of a 0.2 cm2 PCDTBT:PC70BM cell
measured in 4wire-connect configuration with and without aperture mask.
Aperture mask No Yes
JSC [mA/cm2] 11.5 10.6
VOC [V] 0.80 0.81
FF 0.53 0.52
PCE [%] 4.9 4.4
3.5 Conclusions
In this chapter we have shown that the measured solar cell parameters strongly depend on the
way the cells are measured. The power conversion efficiency of a 0.2 cm2 organic solar cell
(active material PCDTBT:PC70BM) varied from 4.2% to 5.1% depending on the measurement
configuration and whether an aperture mask was used (Table 3.4). This means there can be
a 20% difference in the PCE of the same cell by changing the way the cell is connected to
the SMU and by using an aperture mask or not. The difference between the results for the
different measurement configurations increases with the active area of the solar cell since the
larger currents lead to larger voltage drops over the resistances (i.e. series resistance and/or
cable resistance) in the measurement circuit. For a 25 cm2 device these differences have been
shown to be up to 400%. Based on the results from our experiments we recommend the use
of a 4wire-connect measurement configuration and an aperture mask for the characterization
of the solar cells. This compensates for any cable resistance and does not underestimate the
active area of the measured device giving a reliable result.
Table 3.4: Comparison of the power conversion efficiency of a 0.2 cm2 cell measured in
different measurement configurations and with and without aperture mask.
Mask
Configuration 2wire 2wire-connect 4wire-connect 4wire
Yes 4.2 4.4 4.4 4.7
No 4.7 4.8 4.9 5.1
As long as there is no generally accepted standard for the characterization of organic solar
cells the measurement conditions used for characterization should always be included in any
publications reporting solar cell parameters. This would allow a better comparison of the
parameters reported in the literature. The factors that should be included are the light source
used and its calibration, the measurement configuration used (2wire, 2wire-connect, 4wire, or
4wire-connect), the layout of the devices and if an aperture mask was used or not.
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Chapter 4
Blade coating as a fabrication
technique for large area organic solar
cells
4.1 Introduction
This chapter will introduce blade coating as an alternative fabrication technique to spin coating
for organic solar cells. Blade coating is a simple technique which has been used in the past for
different applications. It was first introduced in the 1940s “as a method of forming thin sheets
of piezoelectric materials and capacitors” [189] and became one of the most popular methods
for processing ceramics [190]. The blade or bar is positioned closely above the surface of the
substrate (typically in the range of 10-1000 µm) and the solution or ink is supplied in front
of it. Then either the blade or the substrate moves with a constant speed and the surplus
solution is pushed forward by the blade ideally leaving only a smooth film with a thickness
corresponding to the gap between substrate and blade [191]. The solvent of the still wet film
then evaporates leaving a dried layer of the material that was dissolved in the solution. In
reality the wet film thickness is not only dependent on the gap between blade and substrate
but also on the geometry of the blade, the wetting behavior on the substrate (surface energy
of the substrate - surface tension of the solution), the viscosity of the solution and the coating
speed [189].
An empirical relationship for the final dry film thickness was proposed by Krebs in 2009 in
which he assumed the wet film thickness is ideally half the distance between blade and substrate
surface. In this case the final dry film thickness d can be calculated from the following equation
d = gc2ρ. (4.1)
where g is the gap distance between the blade and the surface of the substrate, c is the concen-
tration of the solid material in the solution (g/cm3) and ρ is the density of the solid (g/cm3)
[84]. In addition, the relationship might vary depending on the properties of the solution (e.g.
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viscosity, surface tension).
One thing that needs to be considered is that the film formation process using blade coating
is different to that during spin coating. The film formation happens much slower during blade
coating due to the slower evaporation of the solvent, and hence the film structure might be
completely different especially for materials that tend to aggregate or crystallize. However, this
issue can be addressed by heating the substrate to increase the rate of solvent evaporation.
Adding all these factors up means that finding the right conditions for blade coating can be
somewhat more complicated compared to spin coating. However, after obtaining the optimum
conditions blade coating reduces the amount of wasted material and is a much better choice
for determining the conditions for R2R processes since it is very similar to knife-over-edge and
slot-die coating [84, 192]. In the past blade coating has been used for organic light emitting
diodes (OLEDs) mostly for depositing polymeric active materials. In the case of OLEDs the
results showed similar film quality to spin coated films for areas of up to 30 cm2 with a much
reduced materials wastage [193, 194]. Blade coating has also been used as a deposition process
for dye-sensitized solar cells [195].
In the case of organic solar cells blade coating has been used for depositing both the pho-
toactive blends and the conducting polymer PEDOT:PSS. However, the reported devices had
small active areas of 0.04 - 0.16 cm2 [118–120, 194, 196]. The results for cells with a blade coated
P3HT:PC60BM active layer have been very promising achieving efficiencies in the range of 3.5 -
4.5%. Newer publications report solar cells with blade coated narrow optical gap polymers like
POD2T-DTBT [121], PDPP5T-2 [123] or PBDTTT-C-T [122] in combination with PC70BM.
The fabricated cells had an average PCE of 6.5%, 6.1%, or 6.0% respectively for active areas
≤ 0.04 cm2 which was similar to the efficiencies of samples prepared by spin coating. The
organic solar cells reported in literature with at least one layer deposited by blade coating are
summarized in Table 4.1.
Table 4.1: Summary of the reported OPV devices using blade coating as deposition
technique for at least one layer.
Blade coated layers Active area [cm2] PCE Reference
PEDOT:PSS + P3HT:PC60BM 0.16 4.0 [118]
P3HT:PC60BM 0.04 3.8 [119]
PEDOT:PSS + P3HT:PC60BM 0.04 2.5 [119]
P3HT:PC60BM 0.04 4.1 [194]
P3HT:PC60BM 0.09 3.6 [196]
P3HT:PC60BM 0.05 4.4 [120]
POD2T-DTBT:PC70BM 0.04 6.5 [121]
PEDOT:PSS + PDPP5T-2:PC70BM 0.10 6.1 [123]
PBDTTT-C-T:PC70BM 0.04 6.0 [122]
As can be seen from the reports in the literature, blade coating has already shown its
potential as a deposition technique for OSCs but it has not been thoroughly explored in terms
of large area devices. This chapter will focus on utilizing blade coating for depositing the
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photoactive blend in large area solar cells with an active area of 25 cm2. The results will then
be compared to cells where the photoactive layer was prepared by spin coating.
4.2 Blade coating PCDTBT:PC70BM
The blade coating experiments discussed in this thesis have all been performed using a ZAA 2300
automatic film applicator and the ZUA 2000 universal applicator, a blade with an adjustable
gap distance from Zehntner GmbH. The coating system was integrated into a glove box with
a nitrogen atmosphere. The setup is shown in Figure 4.1. The coating system also included a
heatable plate for processing at different substrate temperatures.
Figure 4.1: Setup of the Zehntner ZAA 2300 film coater in a nitrogen glove box.
For the large area devices, ITO-coated glass substrates with an area of 6 cm x 6 cm and
a sheet resistance of 13 Ω/ purchased from Kintec were used. The substrates were pat-
terned by photolithography and etched with 5 M hydrochloric acid to give devices with an
active area of 25 cm2. After patterning, the devices were cleaned and ultrasonicated with
detergent (Alconox, Sigma-Aldrich), deionized water, acetone and 2-propanol. PEDOT:PSS
(Clevios P VP Al 4083, Heraeus GmbH) with 1 wt% of the nonionic surfactant 4-(1,1,3,3-
tetramethylbutyl)phenyl-polyethylene glycol [Triton X-100, Sigma Aldrich, Figure 4.2 a)] was
then spin coated at 5000 rpm and dried at 160 °C for 10 min resulting in an approximately 35
nm thick layer. The surfactant was necessary to lower the surface tension of the solution and
guarantee an uniform film coverage over the area [197, 198].
After the deposition of PEDOT:PSS all of the following steps were performed in a nitrogen
atmosphere. For the photoactive layer a blend of PCDTBT [Figure 4.2 b)] and PC70BM [Fig-
ure 4.2 c)] was used. The PCDTBT (M¯n = 12.1 kDa, M¯w = 33.9 kDa, PDI = 2.8 measured
by gel permeation chromatography in 1,2,4-trichlorobenzene at 140 °C) was synthesized at the
Centre of Organic Photovoltaics & Electronics following the method reported in the literature
[46]. The PC70BM was used as purchased from American Dye Source, Inc. For the blade coating
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PCDTBT PC70BM
a) c)b)
Triton X-100
Figure 4.2: Chemical structures of a) Triton X-100 b) PCDTBT and c) PC70BM.
of the PCDTBT:PC70BM layer a 1:1 mixture of 7 mg/mL PCDTBT and 28 mg/mL PC70BM
solutions in a 1:1 mixture of chlorobenzene (CB) and chloroform (CF) was used. The mixture
of chloroform:chlorobenzene was used instead of the typical 1,2-dichlorobenzene because of
the high boiling point of 1,2-dichlorobenezene. The resulting slow drying of the film when only
1,2-dichlorobenezene was used led to dewetting from the outside of the substrate to the inside re-
sulting in a non uniform film after drying. It has been shown for spin coated PCDTBT:PC70BM
layers that a combination of two solvents with different boiling point works well [199]. Alem et
al. found that a film from a 1:1 mixture of chloroform and 1,2-dichlorobenezene gives better
efficiencies than a film spin coated solely from 1,2-dichlorobenezene. This is a big advantage in
terms of processing and is based on PCDTBT being a poorly ordered material in contrast, for
example, to P3HT, which is semi-crystalline [48]. On top of the blade coated PCDTBT:PC70BM
layer 1 nm of samarium followed by 80 nm of aluminum were thermally evaporated under vac-
uum (10−6 mbar) to act as cathode. The complete architecture of the devices is shown in
Figure 4.3.
Glass/ITO
PEDOT:PSS
PCDTBT:PC70BM
Sm
Al
~35 nm
~90 nm
~1 nm
~80 nm
Figure 4.3: Device architecture of the large area solar cells prepared.
From the architecture shown in Figure 4.3 it can be seen that organic solar cells consist of
a number of very thin films (between 1 - 200 nm) making them low finesse optical cavities as
already discussed in Chapter 2. This means the optical field distribution in the cell depends
on the refractive indices and the thicknesses of all layers in the device and is governed by
interference [156]. To find the optimum thickness of the photoactive layer, i.e., the thickness
with the highest number of absorbed photons, optical simulations were used. If the optical
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constants (extinction coefficients and refractive indices) of all the different layers and their
respective thicknesses are known the dependence of the amount of photon absorption on the
thickness of the active layer can be calculated by the transfer matrix method [200]. This has
been done for PCDTBT:PC70BM solar cells and the optimum thickness was found to be between
70 - 90 nm [156, 201]. For the devices reported here the optimum active layer thickness in terms
of maximum photon absorption was around 80 nm determined by transfer matrix simulations.
For the simulations the thicknesses of ITO, PEDOT:PSS and Al were 150 nm, 30 nm and 80 nm,
respectively. The results of the simulations are shown in Figure 4.4. The first interference peak
at around 80 nm was chosen because of the increased recombination rate of free charge carriers
in thicker PCDTBT:PC70BM films, which leads to a reduced PCE due to a decrease of the fill
factor [148, 202].
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Figure 4.4: Simulated short circuit current density (assuming IQE = 100 % and AM1.5G
illumination) versus the thickness of the photoactive layer. For the simulation (transfer
matrix method) the following layers and their respective thicknesses were considered: ITO
= 150 nm, PEDOT:PSS = 30 nm, Al = 80 nm.
With the help of the empirical Equation (4.1) the necessary gap between blade and substrate
can be estimated to be
g = 2dρ
c
. (4.2)
By using d = 80 nm, c = 0.035 g/cm3 and ρ = 1.15 g/cm3 [203] the resulting gap distance
is g ≈ 5 µm. This setting was then used for the first tests with a coating speed of 10 mm/s.
Unfortunately the resultant dry films had only a thickness of around 30 - 40 nm due to dewetting
of the wet film. To increase the dry film thickness the gap distance, the concentration of the
solution, and/or the temperature of the substrate could be increased for faster drying through
enhanced evaporation of the solvents and therefore reducing the dewetting of the film. The
influence of the substrate temperature on the film forming has been shown for spray coated
PCDTBT:PC70BM layers [81]. After a series of experiments it was found that using a gap
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distance of 50 µm and increasing the substrate temperature to 80 °C while keeping the coating
speed at 10 mm/s yields dry layers with a thickness of around 90 nm, which was close to the
desired 80 nm. The advantages of a slightly thicker active layer are that the shunt resistance
would be increased and there should be a reduction in the chances of pinholes and defects. This
topic will be discussed in more detail later in Chapter 5. It can be seen that the gap distance
is one order of magnitude larger than the one calculated from Equation (4.2). Wengeler et al.
reported that Equation (4.1) only applies for coating speeds greater than 100 mm/s using the
same blade coating setup as our experiments [204]. Below that speed the flow between the blade
and the substrate has no linear velocity profile so that the wet film thickness is less than half
the gap distance as predicted by hydrodynamic lubrication theory for laminar flow (Couette
flow) [116]. They explained that behavior by the low viscosity of the solution (η < 5 mPa · s)
and showed that the wet film thickness for P3HT:PC60BM blends (3 wt%) depends on the
coating speed, material volume, viscosity, surface tension of the solution, and surface energy
of the blade and substrate. This means the resulting dry film thickness cannot be predicted
and needs to be calibrated for each material system. To achieve full coverage of the 6 x 6 cm2
substrate approximately 100 - 150 µL of solution were needed.
For comparison large area solar cells with a spin coated photoactive layer were fabricated
using the previously described conditions. Apart from the active layer all other layers were
prepared under the same conditions as for the blade coated devices. To achieve a similar active
layer thickness a 1:1 mixture per volume of 14 mg/ml PCDTBT and 56 mg/ml PC70BM in 1,2-
dichlorobenezene was spin coated at 800 rpm for 90 s. To achieve full coverage of the substrate
approximately 400 - 500 µL of solution were needed. This means spin coating uses around 3 - 5
times the amount of solution with double the concentration to achieve the same layer thickness
as blade coating. This shows one of the big advantages of blade over spin coating. The material
wastage can be reduced by up to 90% (in the best case only 3.5 mg of material instead of 35 mg
are needed to cover the 25 cm2 substrate) once the blade coating process has been optimized.
This is especially important when it comes to new materials that are only available in small
quantities. The results of both types of large area solar cells will be discussed in the following
section.
4.3 Comparison of large area solar cells with spin coated
and blade coated photoactive layers
Before comparing the actual device performance of large area solar cells with blade and spin
coated PCDTBT:PC70BM layers we compared the thickness distribution over the 6 x 6 cm2
substrates. For this blade and spin coated PCDTBT:PC70BM films were fabricated on glass
substrate with a 120 nm aluminum layer with the same process parameters described before for
the large area devices. The aluminum layer was used to achieve a high reflectivity for optical
measurements with a spectrophotometer and therefore a more accurate result. Photographs of
both layers are shown in Figures 4.5 a) and b). It can be seen that the spin coated layer shows
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a concentrical distribution of the thickness whereas the blade coated layer shows no obvious
trend for the thickness distribution over the substrate.
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Figure 4.5: Photographs of a) spin coated and b) blade coated PCDTBT:PC70BM layers
on aluminum together with 3D plots of the thickness distribution of c) the spin coated
and d) the blade coated layers.
To obtain more detailed information on the thickness distribution we measured the reflec-
tivity at different positions over a 4 x 4 cm2 area with a SCI Filmtek 2000M spectrophotometer.
The sample was therefore mounted on an automated xy-table and then moved 4 mm in either
x or y direction. By using the optical constants of the PCDTBT:PC70BM layer it was possible
to calculate the thickness from the reflectivity using optical modeling similar to the method
reported by Sylvester-Hvid at al. [205]. The optical constants were derived from measurements
with a J. A. Woollam Co., Inc. variable angle spectroscopic ellipsometer in cooperation with
Dr Yuliang Zhang (The University of Queensland). The thickness maps are shown in Figures
4.5 c) and d), and confirm what can be seen in the photographs. The spin coated film shows
a clear concentrical distribution of the thickness with a maximum thickness of around 93 nm
in the middle and only around 82 nm closer to the edges. The average thickness of the film is
88.0 ± 2.9 nm. The blade coated film on the other hand shows no systematic distribution only
random thickness variations. The average film thickness is 86.5 ± 2.3 nm. It was reassuring
that the average thickness of both layers is very similar and in the expected range.
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The J −V characteristics in dark and under illumination (100 mW/cm2) for the best blade
and spin coated devices are shown in Figure 4.6. The cell with the blade coated photoactive layer
achieved a PCE of 1.9% compared to 1.8% for the cell with the spin coated layer (Table 4.2).
From Table 4.2 it can be seen that the device prepared by doctor blading had a higher VOC
(0.86 V compared to 0.72 V) and fill factor (0.33 compared to 0.29) compared to the spin coated
device, with the similar efficiencies of the two devices caused by the blade coated cells having
a lower JSC . The differences in VOC , FF and JSC can be assigned to different film structures,
which arise from a combination of the different deposition techniques and the solvents used.
The low fill factor and especially the low VOC of the spin coated cell in combination with
the J − V characteristics in the dark under reverse bias, which show clear signs of leakage
(Figure 4.6 inset), are a sign of inadequate coverage (defects, pinholes) over the whole active
area which can lead to a low shunt resistance and local short circuits. This seems to be an issue
for both fabrication techniques but the effect is more pronounced in the spin coated films. The
difficulties with defects especially in large area solar cells and ways to reduce the probability of
defects will be discussed in Chapter 5 and Chapter 6.
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Figure 4.6: J − V characteristics of ITO/PEDOT:PSS/PCDTBT:PC70BM/Sm/Al
"hero" devices with a spin coated (red) and a blade coated (black) photoactive layer.
Inset shows a zoom in of the dark curves in reverse bias of the spin coated and blade
coated devices.
In Table 4.2 the complete photovoltaic parameters of both cells are compared to the pa-
rameters of small area cells from the literature [206]. The cells from the literature have active
areas of 0.2 cm2 and use a similar architecture as our large area cells, which have 25 cm2 active
areas. The only differences are the active layer thickness of ≈ 110 nm instead of ≈ 90 nm and
the ITO thickness of 80 nm instead of 150 nm for the 0.2 cm2 and 25 cm2 cells, respectively.
It can easily be seen that there is a significant difference between the PCE of the large cells at
around 2%, and the small cells, which have PCEs of around 5.5%. The key differences in device
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Table 4.2: Comparison of the solar cell parameters of the 25 cm2 "hero" cells with either
blade or spin coated PCDTBT:PC70BM active layers and the average of six 0.2 cm2 cells
with a similar architecture.
Area 25 cm2 25 cm2 0.2 cm2
Photoactive layer Blade coated Spin coated Spin coated
JSC [mA/cm2] 6.8 8.4 11.1 ± 0.2
VOC [V] 0.86 0.72 0.87 ± 0.01
FF 0.33 0.29 0.57 ± 0.01
PCE [%] 1.9 1.8 5.5 ± 0.2
characteristics between the small and large area cells are the fill factor and the photocurrent
density. The main reason for this is the low conductivity of the ITO electrode used. It has
been shown in the literature that the series resistance of the cell scales with the area resulting
in a reduced current collection efficiency of the cell [207–213]. For P3HT:PC60BM solar cells,
for example, the series resistance starts to become the limiting factor when the active area is
between 1 and 4 cm2 [208].
The best way to understand the effect is to consider the organic solar cells as the equivalent
circuit shown in Figure 2.3. For a large area solar cell the circuit can be considered a parallel
circuit of multiple small area solar cells (Figure 4.7). It can be seen from the equivalent circuit
that the subcells furthest away from the extracting contact connected to the ITO will have the
lowest current density but the highest voltage drop over the diode. This also means that even if
the cell is under external short circuit conditions not all subcells necessarily are, thus reducing
the short circuit current of the whole cell. This kind of model has been proposed and related
to experimental results in the past [209, 210, 213].
Figure 4.7: Equivalent circuit for a large area organic solar cell showing the distributed
series resistance.
There are two ways to address the issue of the low conductivity of the ITO electrode. The
first one is to limit the distance the charge carriers need to travel to the electrode. This approach
led to the idea of designing stripe shaped solar cells which are then interconnected with a highly
conductive metal. The width of the stripe is usually around 10 mm but this stripe width strongly
depends on the conductivity of the electrodes [212]. The lower the conductivity of the electrode
the narrower the stripe. The disadvantages coming with this design are the increased fabrication
complexity due to the patterning of the individual layers and the loss of active area due to the
interconnections resulting in a low geometric fill factor [78, 82, 89, 94, 95]. The second way is
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to replace the ITO electrode with a more conductive, transparent electrode. In most cases this
has been done by implementing a metallic grid which reduces the the sheet resistance of the
electrode but also leads to a loss of active area due to the shadow cast by the opaque metal grid
[76, 214–218]. Recently, our and a few other research groups proposed insulator/metal/insulator
stacks with a semi-transparent metal layer as an alternative to ITO [206, 219–221]. Through
variation of the thickness of each layer the optical (i.e., transmittance) and electrical properties
(i.e., conductivity) of the electrode can be tuned. These stack electrodes will be the central
point of Chapter 5. However, at this stage there is not an ideal replacement for ITO and hence
there is fervent interest to find a direct replacement for ITO with similar optical properties but
better conductivity [222].
4.4 Conclusions
In this chapter it has been shown that blade coating is a viable alternative to spin coating
especially when it comes to large area devices. Both the monolithic devices with a spin or
blade coated PCDTBT:PC7070BM layer achieved PCEs of around 1.8 - 1.9% in devices with
an active area of 25 cm2. It has also been shown that both layers have a different thickness
distribution over a 6 x 6 cm2 substrate. The spin coated film showed a concentrical distribution
of the film thickness whereas the blade coated film only showed randomly distributed differences
in thicknesses caused by defects in the film. Although the thickness distribution is different the
overall thickness variation is almost the same. The big advantage of blade coating in comparison
to spin coating is the good utilization of the material reducing the material wastage by up to
90%. Another conclusion that can be drawn from the results of the experiments is that the
efficiency of large area, monolithic organic solar cells is strongly limited in comparison to devices
with small active areas. The main reason for this is the low conductivity of the ITO-electrode.
This increases the series resistance of the devices and hinders the charge extraction resulting
in low fill factors of around 30% compared to up to 57% for small area devices with the same
photoactive blend. In the following chapters of this thesis alternative electrode designs will be
explored to overcome this limitation and improve the efficiency of large area organic solar cells.
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Chapter 5
ITO-free large area organic solar cells
5.1 Introduction
It has been shown in Chapter 4 that the efficiency of monolithic large area organic solar cells
[Figure 5.1 a)] is limited by the low conductivity of the ITO electrode. This leads to an increased
series resistance resulting in a reduced fill factor and short-circuit current density. To address
this issue and realize more efficient large area organic solar cells and modules researchers have
focused on two different ways. The first and more widely used way is to divide the cell into
smaller sub-cells and then connect them together either in series or in parallel. By connecting
the cells in series the VOC of the module is ideally the sum of the open-circuit voltages of the
individual cells. The JSC on the other hand is limited by the sub-cell with the lowest short-
circuit current density [223]. For the cells connected in parallel it is the other way around.
Most reports in the literature use a stripe-like design of the sub-cells and connect them in series
[78, 82, 89, 94, 95]. The stripes usually have a width of 5 - 15 mm. This width is chosen since
over this distance the conductivity of the electrode is still sufficient to warrant efficient charge
extraction. The major disadvantages of this design are the increased fabrication complexity due
to the patterning of the layers and the loss of active area due to the interconnections. These
losses can be as small as 5% [78, 82] or reach more than 50% [91] depending on the design and
the fabrication processes used.
The second way to address the low conductivity of ITO is to make the electrode more
conducting. This can be achieved by either replacing it with a more conductive material with
similar optical properties or implementing a metallic grid. Metallic grids have already been used
in large area OPV devices in the past [76, 214–218]. They can be used either in combination
with ITO or with an alternative hole or electron extracting layer like PEDOT:PSS or ZnO.
Some of the reported modules in the literature use the stripe design in combination with the
metal grid to achieve the best results [Figure 5.1 b)] [92, 93, 96]. By using the metal grid the
width of the stripes can be increased resulting in a better geometric fill factor, i.e. a higher
ratio of active area to module area. One such cell from the Krebs et al. in Denmark is shown
in Figure 5.1 b).
The search for alternatives to ITO with a higher conductivity and similar or better optical
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a) b)
Figure 5.1: Photographes of a) a monolithic module with an active area of 25 cm2
produced for this thesis and b) a series connected stripe module with an active area of 76
cm2 from the Krebs group at DTU.
properties has been a topic researchers have been working on for a long time. But so far no
material has surpassed it in all the important properties like conductivity, transmittance, sta-
bility, reproducibility and processability over large areas. There are some promising candidates
besides other metal oxides, like carbon nanotubes (CNTs), and metal nanowires with graphene
leading the field, but they still need to show that they can outperform ITO not only in one
area (e.g. conductivity of graphene) but in all the relevant areas before they can be a drop in
replacement [212, 224–227]. Calculations by Rowell et al. suggest that for the use in thin film
solar cell modules the transparent conducting electrode must have a transmission of at least
90% and a sheet resistance <10 Ω/ to work efficiently [212].
Alternatively, researchers have started to use very thin, semitransparent metal layers sand-
wiched between transparent extraction and refractive index matching layers [206, 219–221, 228].
The idea behind these insulator/metal/insulator (IMI) stack electrodes originates from low
emissivity coatings for windows [226, 229]. By changing the thickness of the individual layers
the electrical and optical properties can be adjusted, allowing for tuning of the sheet resistance
and the optical transmission of the electrode. These stack electrodes will be the focus of this
chapter.
Somewhere between the monolithic approach discussed in this thesis and the modules with
interconnected cells is the work of Kang et al. (Figure 5.2) [230]. They do not pattern the
photoactive layer and the charge extraction layers but realize the interconnections between the
subcells by applying a large reverse bias voltage to achieve a conductive pathway between the
electrodes of adjacent subcells. This saves a few patterning steps and gives a high geometric
fill factor of 90%. They have only shown “modules”, which they call loss-free, expandable solar
cells (LESCs) with a total area of 0.77 cm2, so they can not be considered large area modules
yet but since the concept is very new this can change in the future. The approach has given
“modules” with a PCE of 5.6%, which is almost as good as the individual small cells (PCE
= 6.2%), which have an active area of 0.15 cm2. Unfortunately, both electrodes still need to
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be patterned and the width of the stripes is still limited by the ITO conductivity. This limits
the maximum achievable geometric fill factor, which is also dependent on the accuracy of the
alignment of the overlap area of the electrodes.
Figure 5.2: Comparison of the design of a conventional series connected module and the
loss-free, widely expandable solar cell proposed by Kang et al. (reproduced from [230]).
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
In this chapter we will focus on insulator/metal/insulator stacks to replace the ITO elec-
trode. We will present two different types of stack electrodes for use in monolithic large area
organic solar cells with an active area of 25 cm2. The results of the solar cells will be compared
to ITO/PEDOT:PSS devices and the advantages and disadvantages of the stack electrodes
compared to other electrode types will be discussed. In this context we will also examine the
stability in air of two different stack electrodes to see which one might be more suited for the
use in devices.
5.2 Large area organic solar cells with a MoOx/Ag/MoOx
electrode
The devices presented in this chapter had the same active area (25 cm2) as the devices in
Chapter 4 and were prepared on 6 x 6 cm2 soda-lime glass substrates purchased from Cat-i
Glass. The glass substrates were cleaned with detergent and then subsequently ultrasonicated
in deionized water, acetone and 2-propanol. After cleaning the substrates were transferred into
a nitrogen glove box system. The first layer was 120 nm of aluminum, which was thermally
evaporated under vacuum (10−6 mbar). For the photoactive layer PCDTBT:PC70BM (1:4) was
used again [Figure 4.2 b) and c)]. Using the same active material allows for direct comparison
of the devices with the stack electrode to the ITO/PEDOT:PSS devices presented in Chapter 4.
The solution was a 1:1 mixture by volume of 14 mg/mL PCDTBT (M¯n = 18.3 kDa, M¯w =
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46.7 kDa, PDI = 2.6; measured in 1,2,4-trichlorobenzene at 140 °C) and 56 mg/mL PC70BM
(American Dye Source, Inc.) in 1,2-dichlorobenzene. The solution was then spin coated on top
of the Al layer at 1200 rpm for 60 s resulting in a layer thickness of approximately 110 nm.
The films were then dried for 10 min at 70 °C on a hot plate. Afterwards the molybdenum(VI)
oxide (MoOx, 2 < x < 3), Ag and MoOx (MAM) layers were sequentially deposited by thermal
evaporation under vacuum (10−6 mbar). The architecture of the devices with the MAM stack
electrode is shown in Figure 5.3 a).
Glass
Al
PCDTBT:PC70BM
MoOx
Ag
ZnS
Glass
Al
PCDTBT:PC70BM
MoOx
Ag
MoOx
a) b)
Figure 5.3: Architecture of the devices with a) the MAM and b) the MAZ stack elec-
trodes.
The three different layers of the MAM stack electrode each have different functions in the
device. The inner or bottom MoOx layer acts as a hole extraction layer and makes sure that
there is an ohmic contact between the active layer and the electrode [148]. The Ag layer is
responsible for the conductivity of the electrode. The thickness of this layer has the greatest
influence on both the optical transmittance and the sheet resistance. The outer or top MoOx
layer acts as a refractive index matching layer between the silver and air reducing the amount
of light getting reflected by the silver layer [228, 231].
To find the optimum thickness for the different layers of the stack in terms of conductivity
and transmittance optical simulations were performed by Dr Chen Tao (The University of
Queensland). Once again the transfer matrix method was used employing the optical constants
measured by ellipsometry (J. A. Woollam Co., Inc. variable angle spectroscopic ellipsometer).
The most promising combinations of stack layer thicknesses were then fabricated by thermal
evaporation on glass substrates. The transmittance of the different samples was then measured
with a Varian Cary 5000 UV-VIS-NIR spectrophotometer. The representative transmittance
spectra of each sample type are shown in Figure 5.4 a). For comparison the graph also shows
the transmittance of ITO. From the graph it can be seen that by increasing the thickness of the
top MoOx layer the peak of the transmission spectrum can be shifted towards the red region
of the visible spectrum. This allows for adjusting the transmission based on the absorption
of the active layer. The conductivity or sheet resistance of the electrode is also important.
The sheet resistances of the stack electrodes on glass were measured with a Keithlink Four
Point Probe Measurement System (100 µm probe diameter and 1.6 mm spacing). Figure 5.4
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b) shows the sheet resistance as a function of the Ag layer thickness. A thickness of more than
10 nm resulted in a sheet resistance lower than ITO. The optimum thicknesses in terms of
transmittance and conductivity were found to be MoOx = 5 nm, Ag = 13 nm and MoOx = 40
nm. This combination has a peak transmission of around 79% at a wavelength of 520 nm and
a sheet resistance of ≈ 5 Ω/.
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Figure 5.4: a) Measured transmittance spectra of MAM stacks for different layer thick-
ness combinations in comparison to ITO. b) Measured sheet resistance of the MAM elec-
trode for different thicknesses of the Ag layer and constant MoOx thickness (inner MoOx
= 5 nm and outer MoOx = 40 nm.
The optimum thickness of the photoactive layer was determined from the spatial distribution
of the optical field and the exciton generation rates across the active layer (see appendix).
These were calculated by Dr Chen Tao (The University of Queensland) using the optoelectronic
simulation software SETFOS (FLUXim). The optimum thickness for the PCDTBT:PC70BM
layer was found to be approximately 110 nm based on the fact that the peak of the optical field
is in the middle of the active layer, minimizing any potential exciton quenching effects near the
electrodes [232].
With the optimum thickness for the active layer, chosen based on the simulated exciton
generation rate and the individual layer thicknesses of the MAM electrode determined, devices
with an active area of 25 cm2 were prepared. These devices were compared to devices with an
active area of 0.2 cm2 and conventional ITO/PEDOT:PSS cells (architecture see Figure 4.3)
with the same active areas. The resulting J − V characteristics are shown in Figure 5.5 a).
Looking at the ITO/PEDOT:PSS devices it can easily be seen that the efficiency drops sig-
nificantly, mainly due to a loss in fill factor when increasing the area. This phenomenon has
already been discussed in Chapter 4.
When comparing the 0.2 cm2 devices with the MAM and the ITO/PEDOT:PSS electrode
it can be seen that the MAM device has a lower short-circuit current density. This originates
from the lower transmission of the MAM electrode in comparison to ITO. This fact is supported
by the lower EQE shown in Figure 5.5 b). The shape of the EQE spectrum matches the trans-
mission spectrum of the MAM electrode [Figure 5.4 a)] suppressing charge carrier generation
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Figure 5.5: a) J − V characteristics under AM1.5G illumination of MAM and
ITO/PEDOT:PSS "hero" devices with two different active areas. b) EQE spectra of
0.2 cm2 solar cells with either a ITO/PEDOT:PSS or MAM electrode.
in the blue and red regions of the visible spectrum. On the upside the drop in fill factor when
going to large area devices is much smaller for the MAM cells than for the ITO/PEDOT:PSS
cells. The fill factor only drops from 0.54 to 0.47 whereas for the conventional devices the fill
factor drops from 0.57 to 0.29 (Table 5.1). This retention of the fill factor in large area cells
results in a higher PCE at 3.1% compared to the 1.8% for the ITO/PEDOT:PSS cells.
Table 5.1: Comparison of the solar cell parameters of 0.2 and 25 cm2 PCDTBT:PC70BM
cells with a conventional ITO/PEDOT:PSS and a MAM stack electrode. The values are
the average of 6 (0.2 cm2) and 4 devices (25 cm2).
Anode ITO/PEDOT:PSS MoOx/Ag/MoOx
Area [cm2] 0.2 25 0.2 25
JSC [mA/cm2] 11.1± 0.2 8.0± 0.3 8.5± 0.4 7.4± 0.2
VOC [V] 0.87± 0.01 0.75± 0.03 0.90± 0.01 0.90± 0.02
FF 0.57± 0.01 0.29± 0.01 0.54± 0.02 0.47± 0.03
PCE [%] 5.5± 0.2 1.8± 0.1 4.2± 0.2 3.1± 0.2
5.3 Large area organic solar cells with a MoOx/Ag/ZnS
electrode
The MAM stack electrode showed its viability for large area organic solar cells with achieving a
record efficiency of 3.1 % for a monolithic cell with an active area of 25 cm2. This improvement
is mainly based on the reduction of the anode sheet resistance from ≈ 13 Ω/ for ITO to ≈ 5
Ω/ for the MAM stack electrode. The reduction of the sheet resistance decreases the loss of
fill factor seen for the large area devices with an ITO electrode. However, MoOx has a layered
crystal structure that is known to be hygroscopic, absorbing water from the atmosphere at low
levels of exposure causing the thickness and work function of the films to change [233, 234].
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The swelling of the layer will lead to a change in the optical transmission of the MAM electrode
[Figure 5.4 a)], which will result in a loss in photocurrent due to reduced absorption in the
active layer. The absorbed water could also penetrate through the whole device and cause
other detrimental effects like changing the work function of the inner MoOx layer resulting in a
loss of VOC and FF [234]. We were therefore interested in determining whether the MoOx layers
of the MAM electrode would be affected by the environment. Based on the assumption that
the MoOx layer at the air interface would be the most likely to be affected by the environment
we also developed a new transparent electrode stack, MoOx/Ag/ZnS (MAZ) where the outer
MoOx layer was replaced by ZnS. The choice of ZnS was deliberate as it has two commonly
occurring crystalline allotropes (zinc blende and wurtzite), both of which are close packed
crystal structures [235]. Thus in principle ZnS should provide a better barrier layer while
still having a refractive index (n ≈ 2.5 at 500 nm) [236] suitable for a transparent conducting
electrode.
5.3.1 Neutron reflectometry measurements
For comparison of the structural changes neutron reflectometry (NR) experiments were per-
formed in collaboration with Dr Andrew J. Clulow (The University of Queensland). The MAM
and MAZ stacks for analysis by neutron reflectometry were fabricated on silicon wafers of 50
mm diameter. The substrates were initially cleaned in Piranha solution (a 2:1 v/v mixture of
sulphuric acid (98%) and hydrogen peroxide (30%, aq)). The stack layers were deposited by
thermal evaporation under vacuum (10−6 mbar). The neutron reflectometry technique gives
information about the different layers within the stacks in a non-destructive manner allowing
their behavior to be monitored over time without damaging the samples. When a beam of
neutrons is incident onto a layered sample at low angles it will encounter interfaces between
layers of different neutron scattering power and at these interfaces some of the neutron flux is
reflected off the sample [237]. Interference of the reflected waves leads to an interference pattern
in the specular reflectivity profile which can be modeled to determine the thickness, roughness
and scattering power of the layers within the sample. The scattering power for neutrons of
each of the layers in the sample is called the scattering length density (SLD). The SLD of a
material is given by the product of the neutron scattering length of each nucleus present and
the density of those nuclei within the sample, defined by
SLDi =
ρiNAv
Mi
∑
j
njbj (5.1)
where ρi is the mass density of molecule i, NAv is Avogadro’s number, Mi is the molar mass
of species i, nj is the number of scattering nuclei j per molecule i and bj is the corresponding
bound coherent neutron scattering length of each nucleus [238]. In the reflectometry experiment
the intensity of specular reflection is measured as a function of neutron time-of-flight (neutron
wavelength) and normalized using the incident intensity. The reflectivity of the sample is plotted
against the momentum transfer vector Q to account for the wavelength (λ) and incidence angle
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(θ) dependencies of the reflectivity:
Q = 4pi
λ
sinθ. (5.2)
Two separate neutron reflectometry experiments were performed 9 months apart. The
initial experiments were performed using the BL16 SOFIA time-of-flight neutron reflectometer
at the Materials and Life Science Experimental Facility, Japan Proton Accelerator Research
Complex (J-PARC), Tokai-mura, Japan [239] around 1 week after the samples were prepared.
The samples were measured to determine the initial state of the films and then annealed under
a nitrogen atmosphere at 150 °C for 15 minutes before the reflectivity spectra were recorded
again. The samples were then stored in air in the dark for 9 months before a second set of
NR measurements were performed using the Platypus time-of-flight reflectometer at the Opal
20 MW research reactor, Australian Nuclear Science and Technology Organisation (ANSTO),
Sydney, Australia [240]. Analysis of the reflectivity profiles was performed using the Motofit
reflectometry analysis program [241]. All of the NR fits were modeled with a 12 Å oxide layer
on the surface of the silicon substrate with an interfacial roughness of 4 Å and an SLD of 3.47
· 10−6 Å−2. The SLDs of silicon and air were taken to be 2.07 · 10−6 Å−2 and 0.00 · 10−6 Å−2,
respectively. The recorded reflectivity profiless are depicted in Figures 5.6 a) and b).
Figure 5.6: Specular neutron reflectivity profiles and corresponding SLD vs thickness
plots (insets) for a) a MAZ stack and b) a MAM stack. Colored points indicate recorded
data, solid black lines are the calculated reflectivity profiles from the fitting model and
traces are offset for clarity.
To keep the number of fitting parameters to a minimum, the reflectivity profiles determined
for the MAM and MAZ stacks were modeled as three-layer films on top of a silicon substrate
with a thin silicon dioxide layer at the electrode interface. The densities of Ag and ZnS have been
reported to be 10.5 g/cm−3 and around 4.08 g/cm−3, respectively [235, 242]. Equation (5.1)
was used to calculate the corresponding SLDs of the Ag and ZnS layers, which were 3.47 ·
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10−6 Å−2 and 2.15 · 10−6 Å−2, respectively. Good fits to the recorded reflectivity profiles were
found when the SLDs of the corresponding layers in the MAZ stack were fixed at these values
(appendix) and the SLD of the MoOx layer was found to be in the range 4.03 - 4.21 · 10−6 Å−2.
When examining the reflectivity profiles of the MAZ stack [Figure 5.6 a)] it can be seen that the
positions of the interference fringes do not change significantly upon annealing at 150 °C for 15
minutes or upon subsequent aging in air for 9 months. Slight differences were observed in the
fringe amplitudes between the data recorded at J-PARC and that recorded at ANSTO and this
was attributed to the different instrumental resolution of the two reflectometers and accounted
for in the modelling by varying the dQ/Q resolution. Consequently, the neutron reflectometry
measurements show that only minor changes in the MAZ stack occur on annealing or during
storage under ambient conditions. In contrast, the reflectivity profiles recorded for the MAM
stack [Figure 5.6 b)] show significant differences both after annealing and after subsequent aging
in air for 9 months. The first point to note is that the SLDs of the two MoOx layers in the
MAM stack are not the same after 1 week of aging in air. The MoOx beneath the Ag layer had
an SLD consistent with those of the MAZ stack of 4.13 · 10−6 Å−2, whilst the MoOx exposed
to air had a lower SLD of 2.83 · 10−6 Å−2. After annealing at 150 °C for 15 minutes the fitting
model indicates that the SLD of the MoOx exposed to air rose to 4.10 · 10−6 Å−2, which is
within experimental error of the SLD of 4.06 · 10−6 Å−2 for the MoOx underneath the Ag.
Some structural rearrangement also occurs upon annealing with apparent contraction of the
underlying MoOx and Ag layers and a broadening of the interface between the two suggesting
possible interpenetration of the two materials. Dehydration of molybdenum oxide hydrates has
been reported to occur below 150 °C, regenerating anhydrous molybdenum oxide [243, 244], and
hence the rise in MoOx SLD upon annealing is consistent with dehydration of the MoOx layer.
After storage in air for 9 months in the dark the reflectivity profile of the MAM electrode had
changed again [Figure 5.6 b)]. The MoOx layer at the air interface has expanded to 1.5 times
its thickness after annealing, making it 29% thicker than the initial target thickness from the
evaporation parameters. Its SLD was also observed to drop to 2.39 · 10−6 Å−2, again consistent
with hydration of the layer. Furthermore, the interface between the Ag layer and the MoOx
beneath it has also continued to broaden as the SLD of the lower MoOx has fallen to 3.89 · 10−6
Å−2, reducing the scattering contrast between the two layers and suggests that using MoOx
as a high refractive index capping layer is detrimental to the stability of the whole electrode
structure.
5.3.2 Large area organic solar cells on glass
Given that the neutron reflectometry studies clearly showed the MAZ stack was more stable to
ambient conditions the next stage in the study was to test the new electrode in devices. The
first stage in this process was to optimize the MoOx, Ag and ZnS layer thicknesses to maximize
photon absorption in an 80 - 90 nm PCDTBT:PC70BM layer by using optical simulations per-
formed by Qingyi Yang (Hong Kong Baptist University). Figure 5.7 a) shows the integrated
absorbance of the solar spectrum vs thickness for each layer in the stack. Based on the experi-
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ence from the MAM stack, we initially defined the MoOx and Ag layer thicknesses as 10 and 15
nm, respectively and calculated the integrated absorbance as a function of ZnS thickness, which
had the maximum at around 24 nm. By fixing the ZnS and Ag layer thicknesses at 24 and 15
nm, the optimum thickness of MoOx was calculated to be around 10 nm. Finally, we kept the
ZnS and MoOx thicknesses at 24 and 10 nm, which resulted in a maximum of the integrated
absorbance for an Ag thickness of around 14 - 16 nm. After fabricating electrodes with different
thickness combinations based on the calculated values and measurement of the transmittance
and sheet resistance of the electrode stack, the optimum thicknesses of MoOx, Ag, and ZnS
were found to be 7 nm, 17 nm, and 24 nm. The measured transmittance of the MAZ stack in
comparison to that of ITO and the MAM stack is shown in Figure 5.7 b). The peak transmit-
tance is approximately 80% at 550 nm and the sheet resistance of the electrode was measured
to be ≈ 3.6 Ω/. This means that the sheet resistance is more than three times lower than
that of standard commercial ITO (≈ 13 Ω/) and also around 30% lower than that of a MAM
stack (≈ 5 Ω/) with a similar peak transmittance. Whilst there are transmittance losses in
the blue and red regions of the spectrum, the main absorption of the PCDTBT:PC70BM film
is still within a region that ensures sufficient photon absorption of the photoactive layer.
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Figure 5.7: a) Integrated absorbance of the solar spectrum for different thicknesses of
each stack layer while keeping the other two layers constant. b) Transmittance spectra
of ITO on glass, the MAM stack with 5 nm MoOx, 13 nm Ag and 40 nm MoOx and the
MAZ stack with 7 nm MoOx, 17 nm Ag and 24 nm ZnS including the corresponding sheet
resistances as well as the absorption spectrum of PCDTBT:PC70BM (dashed line).
In Figure 5.8 a) the J − V characteristics of large area organic solar cells using the MAZ
electrode with spin coated and blade coated PCDTBT:PC70BM layers are shown. Although
the spin coated and blade coated films on aluminum showed a different thickness distribution,
which has been shown in Figure 4.5, the blade coated cell showed similar characteristics to
the spin coated sample. Both cells had a PCE of around 2.7% (the two devices with the spin
coated active layer achieved PCEs of 2.6% and 2.7% and the three devices with the blade
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coated active layer achieved between 2.3% and 2.7%) which represents an approximately 40%
increase in efficiency when compared to conventional ITO-based devices but is lower than the
efficiency of of the devices with a MAM electrode. The complete photovoltaic parameters of
both architectures are summarized in Table 5.2.
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Figure 5.8: a) J − V characteristics in dark and under AM1.5G illumination of the
"hero" large area organic solar cell fabricated by spin (red) and blade (black) coating with
the architecture glass/Al/PCDTBT:PC70BM/MoOx/Ag/ZnS. b) J −V characteristics of
25 cm2 "hero" devices with a MAM (red) and MAZ (black) stack electrode. Both devices
have a spin coated PCDTBT:PC70BM layer.
Table 5.2: Comparison of the solar cell parameters of 25 cm2 "hero" cells with PCDTBT:
PC70BM and MAM and MAZ electrodes.
Anode MoOx/Ag/MoOx MoOx/Ag/ZnS
Process Spin coating Spin coating Blade coating
JSC [mA/cm2] 7.4 7.7 7.8
VOC [V] 0.90 0.94 0.90
FF 0.47 0.38 0.39
PCE [%] 3.1 2.7 2.7
The difference in efficiency for the different device architectures is mainly based on a change
in fill factor. The short-circuit current density for all of the different cells is in the range of 7 -
8 mA/cm2. As mentioned before the increase in fill factor from 0.33 (ITO) to 0.39 (MAZ) and
0.47 (MAM) is mostly based on the lower series resistance due to the reduced sheet resistance
of the anode. The reason why the fill factor of the MAM device is higher than the device with
the MAZ electrode despite the higher sheet resistance (5 Ω/ compared to 3.6 Ω/) seems to
be the higher shunt resistance. Figure 5.8 b) shows the J-V characteristics of both devices and
it can be seen that the slope in reverse bias for the MAM device is much lower than the one of
the MAZ device. The values estimated from the slope of the J − V curve around JSC are RSh
≈ 364 Ω for the MAZ device and RSh ≈ 824 Ω for the MAM device. The lower shunt resistance
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of the MAZ device might be due to the thinner photoactive layer (around 90 nm instead of
110 nm) increasing the chances of defects and pin-holes. This problem has been discussed in
the literature before. A thicker active layer will reduce the probability of pin-holes and defects
and increase the shunt resistance of the device, which is especially important when it comes to
large area devices. The yield of the fabrication process or the probability of zero defects in a
device can be described by
Y = e−DA (5.3)
where D is the defect density, which exhibits a Poisson distribution and A is the area [59, 245,
246]. The importance of this behavior can easily be shown with an example. Assuming a defect
density of 0.01 cm−2 a device with an area of 1 cm2 will have a probability of ≈ 99% to be
defect free. Increasing the area to 25 cm2 like the devices in this thesis drops the yield to ≈
78%. This drop is even more significant for larger defect densities and areas.
5.3.3 Flexible large area organic solar cells
In the final part of this study we investigated the use of the MAZ inverted architecture on
flexible substrates. In the case of ITO the disadvantage of moving to flexible substrates is
that the sheet resistance often increases due to the lower process temperature of the sputter
process [247]. Furthermore, the transmission of PET foil only extends down to around 380
nm in comparison to around 300 nm for glass meaning there are parts of the spectrum lost
for charge carrier generation. These two factors lead to a reduction in JSC and FF due to
limitations in photon absorption, charge carrier extraction and an increased series resistance.
This means large area solar cells on foil with an ITO anode have a lower efficiency than solar
cells on glass. In our work we simply replaced the glass substrate with PET foil and kept all of
the other processing steps the same, although it should be noted that during the evaporation
it is important to keep the temperature below the glass transition temperature of the PET. A
photograph of the device on PET with a spin coated PCDTBT:PC70BM active layer and its
J − V characteristics is shown in Figure 5.9.
The PCEs of the two flexible solar cells were 2.8% with a JSC , VOC and fill factor for the
"hero" device of 9.9 mA/cm2, 0.89 V and 0.32, respectively (Table 5.3). The low fill factor
compared to the devices on glass is mainly attributed to the non-uniformity of the photoactive
layer, which can be seen in the inset of Figure 5.9. This non-uniformity is based on the flexibility
of the PET substrate, which in combination with the vacuum chuck of the spin coater leads
to a deformation of the substrate during the spin coating process resulting in variations of the
active layer thickness. The non-uniformity of the layer (see inset Figure 5.9) leads to a reduced
shunt resistance (RSh ≈ 216 Ω) in comparison to the devices on glass (RSh ≈ 364 Ω) resulting
in a decrease in fill factor. This suggests that by realizing more uniform active layers through
optimization of the spin coating process (e.g. better distribution of the vacuum for holding
the substrate) or by using blade coating instead the shunt resistance and consequently the fill
factor could be increased. The conversion efficiency of the 25 cm2 monolithic polymer solar cell
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Figure 5.9: J − V characteristics in dark (full circles) and under AM1.5G illumination
(empty circles) of the "hero" flexible large area organic solar cell with the architecture
PET/Al/PCDTBT:PC70BM/MoOx/Ag/ZnS. Inset shows a photograph of the flexible
solar cell.
on PET foil is to our knowledge the highest reported efficiency for a flexible, monolithic large
area solar cell, showing the ease of transition from rigid to flexible substrates with this device
architecture. The new electrodes also have the potential to have a better mechanical flexibility
than the brittle ITO, which has shown to crack when bent or twisted, due to the [248–250]. To
investigate the mechanical flexibility of the MAM and MAZ electrodes bending tests could be
performed in the future and compared to sputtered ITO electrodes on flexible substrates.
Table 5.3: Comparison of the solar cell parameters of the "hero" 25 cm2 cells with spin
coated PCDTBT:PC70BM on glass and PET.
Substrate Glass PET
JSC [mA/cm2] 7.7 9.9
VOC [V] 0.94 0.89
FF 0.38 0.32
PCE [%] 2.7 2.8
5.4 Conclusions
In this chapter an alternative device architecture for large area organic solar cells without an
ITO electrode is introduced. The main limiting factor for large area organic solar cells is the
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relatively high sheet resistance (between 13 - 18 Ω/) of the commonly used ITO electrode.
This new architecture uses an transparent insulator/metal/insulator stack with a higher con-
ductivity as the top electrode. We presented two different stack electrodes in this chapter. The
first one consisted of MoOx/Ag/MoOx and the second one of MoOx/Ag/ZnS. Both stacks have
a peak transmission of around 80%, which is similar to ITO. The advantage of the stacks is
the reduced sheet resistance of 5.0 Ω/ (MAM) and 3.6 Ω/ (MAZ). With these new stack
electrodes monolithic solar cells with an active area of 25 cm2 using a photoactive layer of
PCDTBT:PC70BM were fabricated. The best devices achieved PCEs under AM1.5G illumina-
tion of 3.1% (MAM) and 2.7% (MAZ), which is a big improvement compared to the 1.9% of
the conventional ITO/PEDOT:PSS based devices. The improvement in PCE is mostly based
on an increased fill factor due to a better charge carrier extraction through the anode.
It has also been shown that the top MoOx layer of the MAM stack swells when exposed
to air. This change in structure is due to the hygroscopic nature of MoOx and will result in a
change of the transmission spectrum due to the variation of thickness. The optical modeling
shows that this leads to a lower absorption of photons and therefore reduces the efficiency of
the devices. The problem of the unstable top MoOx layer has been solved by the use of a
ZnS layer. ZnS is a better capping layer, with the neutron reflectometry experiments showing
that the thickness of the layer as well as the structure of the whole stack does not significantly
change even after 9 months in air and annealing at 150 °C for 15 minutes.
Another big advantage of this device architecture is the ability to easily replace the glass
electrode with a flexible substrate like PET foil without having to take a different transmission
or conductivity into account. We prepared 25 cm2 monolithic organic solar cells on PET with
the same architecture and achieved a maximum PCE = 2.8%, which is to our knowledge the
highest reported efficiency for a flexible, monolithic large area solar cell.
In future work the PET substrate with the evaporated aluminum layer could be replaced
with a metallic foil. The foil could then be coated with a electron extraction layer and used as
a cathode. The metal foil also has much lower oxygen and water vapor transmission rates than
PET making it act as a barrier film [251]. This idea has already been shown to give promising
results in small area devices with P3HT:PC60BM [252] as well as dye-sensitized [253] and CIGS
solar cells [254].
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Chapter 6
Large area organic solar cells
employing a DPP-based polymer and
metal grid electrodes
6.1 Introduction
In this chapter a new electron donor copolymer based on diketopyrrolo-pyrrole (DPP) and
dithienylthieno[3,2-b]thiophene (DTT) is introduced for use in large area organic solar cells
(Figure 6.1) [255]. Poly(N-alkyl diketopyrrolo-pyrrole-dithienylthieno[3,2-b]thiophene) (DPP-
DTT) has shown to have a very high hole mobility of 10 cm2/Vs in OFETs. So far the reported
efficiencies of solar cells with this polymer in combination with PC70BM only achieved 1.6%
[256] significantly less than some of the other reported devices (PCE = 6 - 7.5%) with DPP
based polymers [59, 63, 64]. The polymer Zhang et al. used for their experiments had a
relatively low molecular weight (M¯n = 21,674 g/mol, PDI = 3.34) compared to the polymer
(M¯w = 501,000 g/mol, M¯n = 110,000 g/mol) Li et al. used to achieve a hole mobility of 10
cm2/Vs. The polymer with a relatively low molecular weight (M¯w = 91,000 g/mol, M¯n =
29,000 g/mol) only achieved a hole mobility of around 1 cm2/Vs in the same experiment [255].
This difference in mobility was attributed to a different pi − pi stacking distance by Li et al.,
which could be one of the reasons for the low efficiencies Zhang et al. have seen with the low
molecular weight polymer.
Li et al. presented a copolymer with a similar chemical structure based on DPP and DTT
but a different side chain (decyltetradecyl instead of octyldodecyl), which had a molecular
weight of M¯w = 447,000 g/mol. Small area solar cells with this polymer and PC70BM showed
efficiencies of almost 7% with 220 nm thick junctions [59, 60]. The ability to achieve high
efficiencies even with thick active layers is attributed to the high hole mobility of the polymer
(µh = 0.8 cm2/Vs in OFETs) and the “frequently interconnecting and crossing crystalline fibrous
structures with lengths of hundreds and widths of a few tens of nanometers” [59], which act as
efficient percolation pathways for the charges.
This new class of high hole mobility donor polymers, which allow for efficient solar cells with
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thick junctions (> 200 nm) are of great interest for large area organic solar cells. Thick junctions
reduce the probability of defects, which can lead to reduced performance due to a decrease in
shunt resistance or to complete device failure due to shorting of the electrodes. They would also
allow for better fabrication of devices with a metallic grid. Metallic grids have already been
used in the past for large area organic solar cells [76, 214–218] but mostly in combination with
P3HT:PC60BM due to its ability to work efficiently with thick junctions, which allows for better
coverage of the protruding grid features. The high efficiency for thick junction P3HT:PC60BM
solar cells is based on the balanced mobilities in the bulk heterojunction and the suppressed
bimolecular recombination [257, 258]. Unfortunately the maximum efficiency of devices based
on P3HT is limited by the absorption, which only extends to around 630 nm [259] and the low
VOC due to the HOMO of the material. In comparison to P3HT the DPP based polymer has
a narrower optical gap increasing the maximum amount of absorbed photons by extending the
absorption to around 900 nm, which could result in more efficient large area devices. The work
presented in this chapter was performed in cooperation with Ardalan Armin (The University
of Queensland).
Figure 6.1: Chemical structure of poly(N-alkyl diketopyrrolo-pyrrole-dithienyl-
thieno[3,2-b]thiophene).
6.1.1 Properties of DPP-DTT
For the initial experiments two different batches of the polymer, synthesized by Jun Li (Institute
of Material Research and Engineering, Singapore) with different molecular weights were studied.
The two batches will be referred to as low (M¯w = 50,765 g/mol, PDI = 2.5) and high (M¯w =
349,133 g/mol, PDI = 2.8) molecular weight throughout the discussion. The absorption spectra
of films spin coated from a chloroform(CF):1,2-dichlorobenezene (DCB) (93:7) solution of the
polymers with the different molecular weights but similar thicknesses are shown in Figure 6.2
a). From the figure it can be seen that the absorption coefficient for the high M¯w polymer is
about 4 times higher than for the low M¯w polymer. The increase in absorptivity with higher
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molecular weight has been shown for other donor polymers before and is attributed to an
increased packing density in the films due to aggregates [260, 261]. The optical microscope
images (courtesy of Dr Pascal Wolfer, The University of Queensland) shown in Figure 6.2 b)
also show completely different microstructures for the two different molecular weights. Large
crystalline structures (tens of micrometers) can be seen for the low molecular weight material
whereas for the high M¯w film none are observed. By adding PC70BM to the DPP-DTT (3:1)
for bulk heterojunction solar cells the size of the crystallites in the low Mw film is reduced but
is still in the range of a few micrometers.
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Figure 6.2: a) Absorption spectra of low and high M¯w DPP-DTT films and b) optical
microscope pictures (unpolarized and polarized) of low and high M¯w DPP-DTT and
DPP-DTT:PC70BM (1:3) films.
Knowing that the molecular weight has an influence on the structure of the films and the
absorption it would also be expected to have an effect on the charge transport properties of
the polymer and its blend with fullerene. Noriega et al. proposed that a lot of the new high
molecular weight, high mobility materials like PCDTBT or DPP based polymers appear mor-
phologically amorphous but “can form interconnected aggregates exhibiting at least short-range
order” [48]. This would explain their high mobilities despite the large paracrystalline disorder.
For this reason the electron and hole mobilities of DPP-DTT:PC70BM (1:3) blends were mea-
sured for both molecular weights. The mobilities were not measured in a field-effect transistor
configuration but in a diode architecture. The mobilities measured in OFETs cannot directly
be translated to mobilities in a diode configuration as the mobility measurements in OFETs
depend on the transistor geometry, the semiconductor-insulator interface, or the anisotropy of
the material. For OPVs the mobility in the bulk of the semiconductor is of greater interest. The
technique used in this case is called MIS-CELIV and has been applied to other organic semi-
conductor blends before [262]. The method combines the injection-CELIV (injection-charge ex-
traction by linearly increasing voltage) technique with a metal/insulator/semiconductor (MIS)
architecture and allows for the measurement of both hole and electron mobility [263]. For the
MIS-CELIV measurements the devices were comprised of an ITO/PEDOT:PSS anode and an
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Al cathode with a 100 nm thick magnesium fluoride layer inserted either on top of PEDOT:PSS
or underneath the Al layer. The magnesium fluoride acts as a injection barrier only allowing
one type of charge carrier being injected into the device. If the MgF2 layer is at the anode
(ITO/PEDOT:PSS side) the injection of holes is hindered allowing for the measurement of the
electron mobility. The opposite applies when the MgF2 layer is inserted at the cathode of the
device, allowing for the measurement of the hole mobility.
The resulting mobilities from the MIS-CELIV measurements are summarized and com-
pared to other polymer:fullerene blends in Table 6.1. The mobilities in the high M¯w DPP-
DTT:PC70BM (1:3) film were found to be dependent on the solvents used in the film prepara-
tion but were always balanced. By using a solvent mixture of chloroform:1,2-dichlorobenzene
(93:7) the mobilities were µe = 3 · 10−4 cm2/Vs and µh = 2 · 10−4 cm2/Vs whereas for a sol-
vent mixture of chlorobenzene:1,2-dichlorobenezene (9:1) they were µe = 2 · 10−3 cm2/Vs and
µh = 2 · 10−3 cm2/Vs. The difference in the mobilities is most likely based on a different
microstructure of the layer since the chlorobenzene:1,2-dichlorobenezene mixture allows for a
slower drying of the film due to the higher boiling point of chlorobenzene compared to chloro-
form. For the low M¯w film on the other hand the mobilities are imbalanced with µe = 3 · 10−4
cm2/Vs and µh = 3 · 10−5 cm2/Vs using the chloroform:1,2-dichlorobenezene (93:7) mixture.
Using the chlorobenezene:1,2-dichlorobenezene (9:1) mixture for the low M¯w blend did not yield
full coverage of the substrates and therefore no mobilities could be determined.
Table 6.1: Electron and hole mobility measured in diode configuration for different
polymer:fullerene blends.
Diode mobility [cm2/Vs] µh µe µe/µh
P3HT:PC60BM (1:1) 1 · 10−4 1 · 10−4 1
PCDTBT:PC70BM (1:4) 1 · 10−5 1 · 10−3 100
Low M¯w DPP-DTT:PC70BM (1:3) in CF:DCB (93:7) 3 · 10−5 3 · 10−4 10
High M¯w DPP-DTT:PC70BM (1:3) in CF:DCB (93:7) 2 · 10−4 3 · 10−4 ≈ 1
High M¯w DPP-DTT:PC70BM (1:3) in CB:DCB (9:1) 2 · 10−3 2 · 10−3 1
As mentioned previously balanced mobilities have been seen in P3HT:PC60BM (1:1) blends
before, which together with the suppressed bimolecular recombination allows for efficient solar
cells even with thick active layers (>200 nm) [264, 265]. PCDTBT:PC70BM on the other hand
shows strongly imbalanced mobilities resulting in a strong decrease in efficiency when the active
layer thickness increases to more than 100 nm [202, 262]. The mobilities in P3HT:PC60BM
(1:1) and PCDTBT:PC70BM (1:4) blends have been measured by MIS-CELIV and show the
expected mobility ratios reported in the literature before (Table 6.1) [262, 265]. The results
from the P3HT and PCDTBT devices suggest that for efficient solar cells with a thick active
layer balanced mobilities are a prerequisite. In case of imbalanced mobilities space charges
will build up and screen the built-in field leading to reduced extraction [132, 262, 266]. This
becomes especially important for thicker films since the charge carriers need to travel longer
distances. That means for thin active layers (< 100 nm) a mobility imbalance of two orders
73
of magnitude is not limiting device efficiency as has been shown by Armin et al. [262]. For
thicker active layers (> 200 nm) this kind of imbalance would limit the device performance
significantly.
The reason why thick films are preferred over thin films has been discussed in Chapter 5 but
will be expanded on here. The first advantage of having a thicker active layer (> 200 nm) is the
increased absorption [267, 268]. The absorption efficiency of the active layer can be expressed
by
ηA = 1− e−αd (6.1)
where α is the absorption coefficient and d is the thickness of the active layer. For a typical
thickness of the active layer in organic solar cells with a narrow optical gap polymer of around
100 nm only around 55% of the incident light at the absorption maximum is absorbed [α =
80,000 cm−1 at λmax for DPP-DTT, see Figure 6.2 a)]. From this equation it can be seen
that absorption increases as the thickness of the film increases. The absorption efficiency of
a 250 nm thick film with the same material already increases to 86%. Assuming that the
generated exciton can diffuse to an interface and dissociate before decaying and no change in
charge transfer and charge collection efficiency, the increase in active layer thickness would
mean a proportional increase in internal quantum efficiency and consequently power conversion
efficiency.
The second advantage of having a thick active layer lies in fabrication. The thicker the
photoactive layer the lower the probability of having pin-holes and defects which reduce the
shunt resistance of the cell and consequently the fill factor [59, 269]. In case of partial short
circuits both the fill factor and the VOC will be reduced. Having a thicker active layer will
increase both the probability of defect free devices and the efficiency of solar cells as long as
it does not limit charge transport and charge extraction. As stated earlier, for this to be the
case the mobilities of holes and electrons in the BHJ blend need to be balanced and as high as
possible.
6.2 Small area organic solar cells with a DPP-based donor
polymer
Both the low and high molecular weight DPP-DTT polymers were used in conventional organic
solar cells with an active area of 0.2 cm2. The architecture of the devices is shown in Figure 6.3.
The patterned ITO coated glass substrates (2.5 x 2.5 cm2, R ≈ 18 Ω/ from Kintec) were first
cleaned with detergent (Alconox) and subsequently ultrasonicated in de-ionized water, acetone
and 2-propanol. In the next step a 30 nm thick PEDOT:PSS (Heraeus Clevios P VP Al 4083)
layer was deposited by spin coating (5000 rpm for 60 s) in air. The film was then dried for
10 min at 160 °C on a hot plate. The substrates were then transferred to a nitrogen glove box
system where the next steps were performed.
Both DPP-DTT polymers and PC70BM were dissolved in a chloroform:1,2-dichlorobenezene
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Figure 6.3: Device architecture of the DPP-DTT:PC70BM solar cells including the
approximate thickness of each layer.
(93:7) mixture separately at 80 °C. They were then mixed to achieve solutions with a DPP-
DTT:PC70BM ratio of 1:3 similar to the devices reported by Li et al. [59]. The solutions were
stirred for 10 min and then slowly cooled down to room temperature with an average cooling
rate of approximately 1.5 °C/min by switching off the hot plate. This so called "slow" cooling
procedure has been shown to have a significant influence on solution viscosity and therefore
processing for high molecular weight donor-acceptor copolymers [270]. The final solution of
the low molecular weight DPP-DTT:PC70BM had a concentration of 32 mg/mL and the one
with the high molecular weight was 24 mg/mL. The different concentrations were necessary to
compensate for the different viscosity due to the difference in molecular weight. Films with
different thicknesses from around 100 - 400 nm were spin coated from the solutions (low M¯w
spin speed 500 - 3000 rpm and high M¯w 600 - 4000 rpm). Afterwards 1 nm of samarium and
80 nm of aluminum were thermally evaporated under vacuum (10−6 mbar).
The J − V characteristics for devices with both molecular weights and two different thick-
nesses (100 and 400 nm) are shown in Figure 6.4 a). From the graphs two conclusions can be
drawn. Firstly, the devices with the high molecular weight polymer are far more efficient than
the cells with the low M¯w polymer. The second one is that there is only a small difference in the
J − V -curves of the high M¯w cells between the 100 and 400 nm thick active layers. Figure 6.4
b) shows the dark J−V curves of high M¯w DPP-DTT:PC70BM cells with different active layer
thicknesses in reverse bias. It can be seen that the dark current at -1 V is lower the thicker the
active layer is. This shows that with thicker junctions the shunt resistance is increased as has
been discussed previously.
The reasons for the low efficiency of the cells with the low M¯w DPP-DTT is due to the
much lower absorption of the polymer in the BHJ blend. The absorption spectra of DPP-
DTT:PC70BM films with both molecular weights are shown in Figure 6.4 c). This is supported
by the EQE spectra [Figure 6.4 d)] of the devices showing almost no contribution to the
quantum efficiency in the region of absorption of the donor polymer at around 800 nm. In
addition to the lower absorption, the hole mobility in the blend with the low M¯w DPP-DTT is
one order of magnitude lower than in the blend with the high M¯w (Table 6.1) due to a different
microstructure with larger domain sizes for the low M¯w blends [Figure 6.2 b)]. These larger
domains will hinder the charge transport in the film and therefore result in a reduced quantum
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Figure 6.4: a) J − V characteristics of typical 0.2 cm2 DPP-DTT:PC70BM solar cells
for different active layer thickness (100 and 400 nm) and for the two different molecular
weights. b) J − V characteristics in the dark of high M¯w cells with different active layer
thicknesses in reverse bias. c) Absorption spectra of DPP-DTT:PC70BM (1:3) films with
low and high molecular weight DPP-DTT. d) EQE spectra of 0.2 cm2 DPP-DTT:PC70BM
solar cells for different active layer thickness (100 and 400 nm) and for the two different
molecular weights.
efficiency. They will also lead to a reduced exciton dissociation efficiency since not all excitons
are able to reach a donor-acceptor interface to separate [55, 64].
In Table 6.2 the solar cell parameters of both types of devices with thicknesses from 100 -
400 nm are summarized. The major difference between the devices with low M¯w and high M¯w
DPP-DTT, beside the already discussed JSC and power conversion efficiency, is the dependence
of the fill factor on the thickness of the photoactive layer. Although the fill factor for both types
of cells with a thin active layer (≈ 100 nm) is between 65 - 70% the behavior when increasing
the thickness is completely different. The fill factor of the high M¯w cells only decreases slightly
when increasing the thickness. For an approximately 400 nm thick layer the fill factor is still
around 58% whereas for the low M¯w cells at the same thickness the fill factor is reduced to
around 22%. This agrees with the results from the mobility measurements, where the DPP-
DTT:PC70BM blend with the high M¯w showed a balanced mobility, which leads to an almost
thickness independent fill factor. The blend with the low M¯w DPP-DTT on the other hand
showed unbalanced mobility leading to a reduced fill factor when increasing the film thickness.
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Table 6.2: Solar cell parameters of 0.2 cm2 DPP-DTT:PC70BM solar cells with different
active layer thickness and DPP-DTT molecular weight.
Low M¯w DPP-DTT High M¯w DPP-DTT
Active layer thickness [nm] 100 200 300 400 100 200 300 400
JSC [mA/cm2] 0.4 0.4 0.4 0.3 15.6 15.1 14.5 15.8
VOC [V] 0.66 0.66 0.66 0.66 0.66 0.65 0.63 0.63
FF 0.68 0.52 0.36 0.22 0.65 0.61 0.65 0.58
PCE [%] 0.8 0.7 0.4 0.2 6.7 6.0 5.9 5.7
To show this behavior more clearly a fill factor vs active layer thickness graph for different
BHJ blends is shown in Figure 6.5 . In the graph both DPP-DTT:PC70BM blends are compared
to P3HT:PC60BM and PCDTBT:PC70BM. The high M¯w DPP-DTT and P3HT both show only
a slight decrease of fill factor with increasing active layer thickness. Even with thicknesses of
more than 300 nm the fill factor is still around 60%. The low M¯w DPP-DTT and PCDTBT
on the other hand show a significant decrease in fill factor for thicker films. For a 300 nm thick
film the fill factor for both BHJ blends of these latter materials is around 40%. These results
are in agreement with the blend mobilities reported previously (Table 6.1). Balanced hole
and electron mobility in the BHJ blend allows for thicker active layers without sacrificing the
fill factor. Both blends with unbalanced mobilities (low M¯w DPP-DTT and PCDTBT) show
a significant decrease in fill factor with increasing thickness. After determining the superior
performance of the high M¯w DPP-DTT over the low all further experiments were performed
using the high molecular weight material.
0 100 200 300 400 500
0.2
0.4
0.6
0.8
1.0
 high Mw DPP-DTT:PC
70
BM
 low Mw DPP-DTT:PC
70
BM
 PCDTBT:PC
70
BM
 P3HT:PC
60
BM from Meerholtz et al.
 
 
F
ill
 f
a
c
to
r
Thickness [nm]
Figure 6.5: Dependence of the fill factor of 0.2 cm2 cells on the thickness of the active
layer for different polymer:PCBM blends including P3HT:PC60BM from [264].
A thick active layer not only reduces the probability of complete device failure due to
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shorting of the device and increases the shunt resistance, but also is more stable to thick-
ness variations. Armin et al. have shown by optical simulations (assuming 100% IQE) for
PCDTBT:PC70BM solar cells that a change in active layer thickness from 80 nm to 70 nm,
a thickness variation of 10 nm has been reported for different printing techniques in the past
[271, 272], will reduce the JSC from around 12.5 mA/cm2 to 11.5 mA/cm2 [156]. This significant
change in photocurrent for a 10 nm change in thickness is due to optical interference in thin
film solar cells. This topic has been discussed earlier in this thesis and in the literature [156].
For a 250 nm thick active layer a 10 nm variation does not change the JSC significantly giving
around 13.5 mA/cm2 in both cases. This means thick junctions would decrease the variation
of cell performance between devices.
6.3 Large area organic solar cells with a DPP-based donor
polymer
With these promising results for small area devices with a thick DPP-DTT:PC70BM layer the
next step was to fabricate efficient large area devices (25 cm2). The first idea was to apply the
previously discussed (Chapter 5) MAM/MAZ stack electrodes for the devices. The problem
with this is that the absorption peak of the DPP-DTT is at around 800 nm and not at around
580 nm as for PCDTBT. This means the transmission of the stack electrode would be needed
to extend further into the infrared to work efficiently. This is not possible with the previously
described stack electrodes due to the absorption of the silver layer in the infrared region.
The absorption spectrum of DPP-DTT:PC70BM (1:3) is shown together with the transmission
spectra of ITO on glass and a MAZ stack with 7 nm MoOx, 17 nm Ag and 30 nm ZnS in
Figure 6.6 a). The graphs show that there will be significant losses especially in the red and
infrared regions of the spectrum due to the low transmission of the MAZ electrode at these
wavelengths.
To demonstrate the reduced photon absorption using MAZ stack electrodes, we prepared
0.2 cm2 devices with MAZ stack and ITO/PEDOT:PSS electrodes. The devices with the stack
electrode achieved power conversion efficiencies of around 3% compared to the 6 - 7% for the
ITO/PEDOT:PSS devices. In Figure 6.6 b) the J-V characteristics of devices with similar
active layer thickness (≈ 400 nm) with both types of electrodes are shown. Here it can be
seen that the lower PCE is mostly due to the reduced JSC of 9 mA/cm2 instead of 16 mA/cm2
originating from the lower transmission of the MAZ electrode.
Given that the stack electrodes are not working very efficiently an alternative for improving
the conductivity of the ITO/PEDOT:PSS anode is needed to be able to realize efficient mono-
lithic large area solar cells. As mentioned previously one alternative is to implement a metallic
grid to reduce the resistance of the electrode, which will be discussed in the following section.
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Figure 6.6: a) Transmission spectra of ITO coated on glass and a MAZ stack electrode
(MoOx = 7 nm, Ag = 17 nm, ZnS = 30 nm) as well as the absorption coefficient spectra
of DPP-DTT:PC70BM. b) J − V characteristics of "hero" 0.2 cm2 devices with an active
layer thickness of around 400 nm with an ITO/PEDOT:PSS or MAZ (MoOx = 7 nm, Ag
= 17 nm, ZnS = 30 nm) electrode.
6.3.1 The metal grid electrode
Metallic grids have already been used in OPV devices in the past [76, 214–218]. However,
the main challenge with metal grids is the fabrication of smooth and uniform features without
any peaks or sharp features that could lead to shunts. This is especially important when a
thin photoactive layer is required as in the case of PCDTBT or similar narrow optical gap
materials. This might be one of the reasons why the majority of reports of organic solar cells
with metal grid electrodes still use P3HT:PC60BM since it allows efficient thicker (200 -300
nm) active layers. In an effort to reduce the problems of the metal grid standing proud there
have been attempts to embed the grids into flexible substrates to reduce the roughness and
provide better reliability with thin active layers [92]. This approach showed promising results
but also increased the complexity of the fabrication process and reduced the production speed.
Here the new DPP-DTT:PC70BM blend will be of great benefit as it combines the absorption
of the narrow optical gap polymer with the ability to fabricate thick layers (> 200 nm) without
sacrificing the fill factor due to the balanced mobility in the blend.
For the preparation of large area organic solar cells with metallic grid electrodes we used
glass substrates (6 x 6 cm2) coated with ITO (150 nm) purchased from Kintec. The substrates
were patterned by photolithography and etched in a solution of 5 M hydrochloric acid to give
devices with an active area of 25 cm2. After patterning, the devices were cleaned and ultra-
sonicated with detergent (Alconox, Sigma-Aldrich), deionized water, acetone and 2-propanol.
The metallic grid was then thermally evaporated under vacuum (10−6 mbar) using a shadow
mask (appendix) on top of the ITO. The material chosen for the grid was silver due to its
high conductivity (6.3 · 107 S/m at room temperature) and the fact that it has been shown
to be compatible with different printing and coating techniques including inkjet [273], screen
printing [95], flexographic printing [274], gravure printing [275] and spray coating [276]. The
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grid consisted of 6 lines with a nominal line width of around 500 µm and a pitch of 9 mm. The
pitch of 9 mm was chosen based on the experience gained from P3HT:PC60BM devices where
it has been shown that in devices with an ITO/PEDOT:PSS electrode charge extraction is not
hindered over a distance of up to 10 mm [206, 211]. The conductivity of the lines was varied by
changing their thickness. Figure 6.7 a) shows a profile of a grid line. The width of the line is
around 560 ± 40 nm depending on the thickness. On top of the ITO with the evaporated silver
lines an approximately 30 nm thick PEDOT:PSS (Clevios P VP Al 4083, Heraeus GmbH) layer
with 1 wt % of Triton X-100 was spin coated at 5000 rpm for 60 s.
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Figure 6.7: a) Profilometer scan of a thermally evaporated silver line (width 500 µm,
thickness 500 nm). b) Sheet resistance of the ITO/Ag-grid/PEDOT:PSS electrode de-
pending on the thickness of the Ag-grid lines.
Figure 6.7 b) shows the sheet resistance of the ITO/Ag-grid/PEDOT:PSS electrode for
different nominal silver line thicknesses. It can be seen that 500 nm thick silver lines reduce
the sheet resistance by one order of magnitude from ≈ 13 Ω/ to ≈ 1.3 Ω/. Further increase
in the line thickness does not yield a significant decrease in sheet resistance. The silver grids
with the different line thicknesses were then tested in devices with a DPP-DTT:PC70BM active
layer. For the calculation of the active area we subtracted the area covered by the opaque grid
(≈ 1.7 cm2) from the overlap area of the electrodes (25 cm2). This means around 7% of the
aperture area is covered with the metallic grid and is not illuminated.
6.3.2 DPP-DTT:PC70BM large area organic solar cells with a metal
grid electrode
DPP-DTT:PC70BM cells with a metal grid on glass substrates
The metallic grid electrodes were first used in the same device architecture as the small area
DPP-DTT:PC70BM cells [Figure 6.4 a)]. On top of the ITO/Ag-grid/PEDOT:PSS anode a
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250 nm thick DPP-DTT:PC70BM layer was spin coated. In comparison to the small area
devices we did not use chloroform with 7% 1,2-dichlorobenzene as the solvent since the solution
with an overall concentration of 10 mg/mL (2.5 mg/mL DPP-DTT and 7.5 mg/mL PC70BM)
did not yield full coverage of the whole 6 x 6 cm2 substrate. Instead we used a mixture
of chlorobenzene and 1,2-dichlorobenzene (9:1) as the solvent to improve the wetting, which
gave good results in small area (0.2 cm2) test devices (PCE = 6.8 ± 0.1 %). The DPP-DTT
was dissolved in the solvent at 150 °C and stirred at that temperature for 1 h. The solution
was then slowly cooled down (≈ 1.5 °C/min) to 70 °C. The PC70BM was dissolved in the
chlorobenzene:1,2-dichlorobenzene mix at 70 °C and stirred for 10 min. Both solutions were
then mixed together and stirred for another 10 min at 70 °C. Afterwards, the hot-plate was
switched off and the solution was slowly cooled down to room temperature with an average
cooling rate of approximately 1.5 °C/min. The cooling procedure is very important for the
viscosity of the solution especially for polymers with a high molecular weight. This phenomenon
has been reported previously by Wolfer et al. [270]. Before spin coating the solution was filtered
through glass wool to extract any undissolved material or particles to reduce the probability of
defects in the photoactive layer. On top of the active layer 1 nm of samarium and 200 nm of
aluminum were thermally evaporated under vacuum (10−6 mbar). A photograph of a 25 cm2
device with the ITO/Ag-grid/PEDOT:PSS electrode is shown in Figure 6.8 a).
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Figure 6.8: a) Photograph of a DPP-DTT:PC70BM large area solar cell with a silver
metal grid on glass. b) J − V characteristics of the "hero" 25 cm2 DPP-DTT:PC70BM
solar cells with (500 nm thick) and without the Ag-grid. For comparison a 0.2 cm2 cell is
also included.
The J−V characteristics of the "hero" 25 cm2 DPP-DTT:PC70BM device without the silver
grid and one with the grid (line thickness ≈ 500 nm) are shown together with a typical 0.2 cm2
cell in Figure 6.8 b). It can be seen that the silver grid significantly increases the fill factor (0.53
instead of 0.31) for the 25 cm2 devices. The JSC is also slightly increased from 10.6 to 12.8
mA/cm2, which is based on the better charge extraction because of the silver lines even though
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the actual active area is reduced by ∼ 7%. These improvements in JSC and FF resulted in
the enhancement of the power conversion efficiency from 2.2% to 4.6% (three devices without
silver grid had PCEs between 2.0% and 2.2% and with 500 nm thick silver grid between 4.3%
and 4.6%). The JSC and PCE are based on the aperture area of 25 cm2. However, when only
taking the active area (≈ 23.3 cm2) into account the PCE is in fact close to 5%. The solar cell
parameters of 25 cm2 devices with anodes with different sheet resistances are summarized in
Table 6.3. The data suggests that a sheet resistance of <2 Ω/ is needed to achieve fill factors
of more than 0.5, which is close to the ≈ 0.6 of the small area devices. Furthermore, it can also
be seen that a Ag line thickness of more than 500 nm does not reduce the sheet resistance much
further and therefore does not significantly improve device performance. It is still interesting
to see that the 250 nm thick active layer on top of approximately 1500 nm thick silver lines
is sufficient to provide coverage, especially seeing the non ideal shape of the lines as shown in
Figure 6.7 a). In comparison to the 0.2 cm2 devices the photocurrent of the silver grid device
is still lower, which is either due to the loss of active area through the metal grid, which might
be larger than 8% due to shadowing by the 500 nm thick lines or the residual sheet resistance
of the transparent electrode even when the metal grid is employed. The sheet resistance will
still cause some voltage drop manifesting as losses in photocurrent. The details of these losses
are yet to be investigated, for example by different grid geometries.
Table 6.3: Solar cell parameters of "hero" 25 cm2 DPP-DTT:PC70BM solar cells with
different anode sheet resistances.
Ag thickness [nm] 0 50 250 500 1500
Anode sheet resistance [Ω/] 12.9 9.7 3.5 1.3 1.0
JSC [mA/cm2] 10.6 10.9 11.0 12.8 12.8
VOC [V] 0.68 0.68 0.68 0.67 0.67
FF 0.31 0.31 0.43 0.53 0.55
PCE [%] 2.2 2.3 3.2 4.6 4.7
We also tested 25 cm2 cells with the silver grid (500 nm Ag line thickness) and thinner
active layers but they never surpassed the performance of the cells with the 250 nm thick
photoactive layer. A device with a DPP-DTT:PC70BM layer thickness of ≈ 130 nm had a PCE
= 4.3% with a slightly higher fill factor (0.56 compared to 0.53) but a lower JSC (11.2 mA/cm2
compared to 12.8 mA/cm2) due to the lower absorption. We also tested devices with an active
layer of around 70 nm, which is the optimum thickness for other narrow optical gap blends like
PCDTBT:PC70BM. All of these devices were shorted showing that the active layer thickness
should be as high as possible to work with the silver grid.
Flexible large area organic solar cell with a metal grid electrode
Now that it has been shown that the silver grids work well in combination with the DPP-
DTT:PC70BM blend flexible devices with the same architecture were prepared. Instead of the
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ITO coated glass substrate we used a 125 µm thick PEN foil coated with ITO from Oike (X13G-
125N-U2). The sheet resistance of this substrate is around 15.5 Ω/ compared to the 13 Ω/ for
the glass/ITO substrate. A silver grid with the same lateral geometry as for the glass devices
was used with a Ag line thickness of around 500 nm. On top of the grid an ≈ 30 nm thick
PEDOT:PSS layer was spin coated. The resulting sheet resistance of the electrode of 1.4 Ω/
was only slightly higher than the 1.3 Ω/ for the glass/Ag-grid/PEDOT:PSS electrode. On
top of the 250 nm thick DPP-DTT:PC70BM layer 1 nm samarium and 200 nm aluminum were
thermally evaporated (same processing conditions as the glass based device). A photograph of
the flexible device is shown in Figure 6.9.
Figure 6.9: Photograph of a DPP-DTT:PC70BM large area solar cell with a silver metal
grid on PEN.
In Figure 6.10 a) the J−V characteristics of the flexible 25 cm2 cell are shown together with
those of a cell on glass with the same active layer thickness and silver grid geometry. It can be
seen that the flexible device is not as efficient as the device on glass. The short circuit current
at 10.5 mA/cm2 is lower compared to the 12.8 mA/cm2 for the rigid device (Table 6.4). This
difference can be partly explained by the lower transmission of the PEN substrate in comparison
to glass in the UV region. The glass transmits wavelengths down to 300 nm whereas the PEN
transmission is reduced to zero at around 370 nm. This means that part of the solar spectrum
is not contributing to the photocurrent. The transmission spectra of both substrates without
the silver grid are shown in Figure 6.10 b). A further reason for the difference in JSC could be
a different film structure due to the higher roughness of the PEN/ITO substrate which could
result in a different carrier generation yield.
The difference in fill factor (0.42 to 0.53) between the two types of devices is more difficult to
explain. A small drop in fill factor might be expected due to the slightly higher sheet resistance
of the anode but that does not explain the almost 20 % difference. From the J-V characteristics
[Figure 6.10 a)] it can be seen that the shunt resistance of the flexible device (RSh ≈ 450Ω) is
reduced compared to the device on glass (RSh ≈ 1100Ω). This fact in combination with the
slightly reduced VOC (0.64 V compared to 0.67 V) points to a problem with the coverage of the
ITO/Ag-grid/PEDOT:PSS electrode. ITO on PET substrates has been shown to have a higher
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Figure 6.10: a) J − V characteristics of "hero" DPP-DTT:PC70BM cells (25 cm2) with
an ITO/Ag-grid electrode on glass and PEN. b) Transmission spectra of Glass/ITO and
PEN/ITO substrates without the silver grid.
Table 6.4: Comparison of the solar cell parameters of "hero" DPP-DTT:PC70BM cells
(25 cm2) with a metal grid electrode on different substrates.
Substrate Glass PEN
JSC [mA/cm2] 12.8 10.5
VOC [V] 0.67 0.64
FF 0.53 0.42
PCE [%] 4.6 2.8
roughness than on glass, which could introduce more defects and shunts in the photoactive
layer [277]. The glass and PEN substrates coated with ITO used in the experiments had an
arithmetic roughness Ra of 2.6 ± 0.7 nm and 5.0 ± 2.0 nm, respectively. More important in
terms of shunt free devices is Rt, the difference between the highest and the lowest point of the
roughness profile. The value for glass/ITO was 30.5 ± 5.0 nm while for PEN/ITO the value
was 44.7 ± 15.2 nm showing that the probability of reduced shunt resistance is higher for the
flexible substrate. Also the same problem with deformation of the flexible substrate due to the
vacuum chuck of the spin coater seen for the flexible MAZ device (Chapter 5) could be a reason
for the reduced shunt resistance caused by the film non-uniformity. For better understanding
of the difference in fill factor a more detailed study of flexible devices with different active layer
thicknesses, different ITO coated foils, optimization of the spin coating process (e.g. better
distribution of the vacuum), and investigations into the microstructure of the active layer are
necessary. However, even with a fill factor similar to the glass based devices, the efficiency will
be limited by the lower transmission of the PEN foil. The overall power conversion efficiency
of the flexible cell was 2.8%, which to our knowledge is the highest reported efficiency of a
flexible, monolithic solar cell of this size. Using the active area instead of the aperture area the
efficiency reaches 3%.
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6.4 PCDTBT:PC70BM large area organic solar cells with
a metal grid electrode
After showing that the DPP-DTT:PC70BM blend works well with the silver grid we wanted
to see if the grid works with other narrow optical gap polymers as well. The material chosen
was PCDTBT which has been used for the large area devices with the MAM/MAZ stack
electrodes, where it reached a maximum power conversion efficiency of 3.1% for a 25 cm2 cell
on glass (Chapter 5). This gives us the opportunity to compare the two different architectures.
The same ITO/Ag-grid/PEDOT:PSS electrodes as for the DPP-DTT:PC70BM devices were
used for the PCDTBT:PC70BM devices. The Ag line thickness was ≈ 500 nm since thicker
lines did not show a significant improvement in conductivity of the electrode but increase
the probability of short circuits. The PCDTBT was purchased from SJPC and had a M¯w
= 122.2 kDa, M¯n = 22.7 kDa and PDI = 5.4 measured by gel permeation chromatography
in 1,2,4-trichlorobenzene at 140 °C. The preparation of the blend solution was similar to the
procedure described for DPP-DTT:PC70BM. PCDTBT (4.5 mg/mL) and PC70BM (18 mg/mL)
were dissolved separately in 1,2-dichlorobenzene. The PCDTBT solution was then stirred for
1 h at 140 °C and subsequently slowly cooled down (≈ 1.5 °C/min) to 70 °C. The PC70BM
solution was stirred for 10 min at 70 °C and then mixed together with the PCDTBT (1:1) to
give the blend with a 1:4 ratio. The blend solution was then slowly cooled (≈ 1.5 °C/min)
down to room temperature by switching the hot plate off. Before spin coating the solution on
to the ITO/Ag-grid/PEDOT:PSS substrate at 350 rpm for 300 s it was filtered through glass
wool. The resulting layer had a thickness of ≈ 220 nm. Finally, 1 nm of samarium and 180 nm
of aluminum were thermally evaporated under vacuum (10−6 mbar).
The J−V characteristics of the device are shown in Figure 6.11 and the solar cell parameters
are summarized in Table 6.5. The power conversion efficiency of the cell was 3.4%, which shows
that the silver grid works well with PCDTBT:PC70BM since it is a significant improvement
from the 1.9% for devices with just the ITO/PEDOT:PSS electrode (Chapter 4) and also better
than the 3.1% for the devices with the stack electrode (Chapter 5). The improvement in the
efficiency is mostly due to an increase of the fill factor which reaches 0.45. This is still lower
than the fill factor of small area devices (up to 0.6 for 50 nm thick films) due to the thickness of
the active layer of 220 nm and the inbalanced mobilities in PCDTBT:PC70BM blends reported
in Section 6.1.1.
To see if the efficiency can be further improved by using a thin active layer we prepared a
device with an active layer thickness of around 75 nm. The device was prepared with the same
procedure as the one with the 220 nm thick active layer except that the spin coating speed was
changed from 350 to 900 rpm to achieve the right thickness. The J − V characteristics and
solar cell parameters of the device in comparison to the one with a 220 nm thick active layer
are shown in Figure 6.11 and Table 6.5. The performance with an efficiency of 4.5% was better
than for the 220 nm device. The improvement is based on an increased fill factor of 0.53 from
0.45 and a higher JSC of 9.6 mA/cm2 compared to 8.5 mA/cm2. These results fully agree with
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Figure 6.11: J − V characteristics of "hero" PCDTBT:PC70BM large area solar cells
with a ITO/Ag-grid electrode and different active layer thicknesses.
what we have seen in small area devices and what has been reported in the literature [148, 202].
The thinner active layer improves charge extraction leading to an increased fill factor and short
circuit current-density. Another interesting outcome is that the device is working and only
shows a slightly higher leakage in reverse bias. We attribute the good coverage of the 500 nm
silver lines to the high viscosity (for more information on the molecular weight dependency
of the viscosity of PCDTBT see the work of Wolfer el al. [270]) of the blend solution due
to the high molecular weight of the PCDTBT polymer. This high viscosity in combination
with relatively low spin coating speeds (<1000 rpm) leads to conformal coverage of the silver
grid lines. Even though the results for thin active layers with high viscosity blend solutions
are promising a thick active layer is still preferred to reduce the probability of short circuits,
pin-holes and other defects for large scale production.
Table 6.5: Comparison of the solar cell parameters of "hero" 25 cm2 cells with a metal
grid electrode and different PCDTBT:PC70BM thicknesses.
PCDTBT:PC70BM junction thickness [nm] 75 220
JSC [mA/cm2] 9.6 8.5
VOC [V] 0.88 0.89
FF 0.53 0.45
PCE [%] 4.5 3.4
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6.5 Conclusions
In this chapter we have presented a new donor polymer DPP-DTT which in combination with
PC70BM allows for efficient solar cells (PCE > 6%) with thick active layers (≥ 200 nm). The
good performance of the devices with a thick active layer is attributed to the balanced mobilities
in the BHJ blend which allows for efficient charge carrier extraction and therefore an almost
thickness independent fill factor. The advantages of thick junctions in comparison to thin
junctions are a reduced sensitivity of the cell performance to thickness variations and the lower
susceptibility to defects increasing the fabrication yield.
The ability to form efficient devices with thick active layers allowed use of the material in
large area devices (25 cm2) with a silver grid. By using the silver grid with ≈ 550 ± 50 µm wide
and around 500 nm thick lines with a spacing of 9 mm between the lines, the sheet resistance of
the anode was reduced from ≈ 13 Ω/ to < 1.5 Ω/. This improvement in conductivity of the
electrode resulted in monolithic devices with a maximum PCE of 4.6% and a fill factor of 0.53.
Increasing the silver line thickness further than 500 nm does not increase the conductivity
significantly resulting in only a slight improvement in cell performance (PCE = 4.7% with
≈ 1500 nm thick Ag-grid). The results still show that the 250 nm thick active layer uniformly
covers the 1500 nm thick silver lines.
We also prepared a flexible large area solar cell by replacing the glass/ITO substrate with
a PEN/ITO substrate. The performance of the flexible device (PCE = 2.8%) was not as good
as for the devices based on glass substrates. One reason for the lower efficiency was the lower
transmission of the PEN foil in the UV region, which reduces the amount of absorbed photons
and therefore the generated photocurrent. There is also an apparent difference in the fill factor
of both types of devices, which is based on a reduced shunt resistance of the flexible device.
The lower shunt resistance combined with the slightly reduced VOC indicates a non-optimum
coverage of the electrode. Additional experiments with different substrates (e.g. different ITO
roughness) and active layer thicknesses are required to understand where exactly the loss in fill
factor is coming from. The use of blade coating instead of spin coating for the deposition of the
active layer has not been tested yet due to a limited amount of the new DPP-DTT polymer. By
using blade coating it might be possible to improve the film quality further and reduce possible
defects and shunts.
In addition to the devices with the DPP-DTT:PC70BM active layer we prepared large
area solar cells with a 500 nm thick silver grid and a PCDTBT:PC70BM blend. As expected
the devices with a thick active layer (≈ 220 nm) were not as efficient (PCE = 3.4%) as the
devices with DPP-DTT due to imbalanced mobilities in the blend resulting in a limited charge
extraction efficiency in thick layers. We also prepared a device with a thin active layer (≈ 75 nm)
on top of the 500 nm thick silver lines, which achieved a power conversion efficiency of 4.5%.
This result shows that a combination of a highly viscous blend solution combined with low spin
coating speeds allows for conformal coverage of features much thicker than the resulting film.
However, it is still a fabrication advantage to use thicker layers, which reduce the probability
of short circuits and defects.
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It should also be mentioned that the silver grid geometry used has not been fully optimized.
This means it might be possible to improve the efficiency of the devices further. Possible
ways of optimizing the grid are: i) using thicker but narrower silver lines resulting in the same
resistance to decrease the loss of active area, ii) increasing the pitch between the lines, as long
as the charge extraction is not affected or iii) reducing the amount of silver lines to reduce the
loss of active area. These optimizations together with new and more efficient active materials
could allow for monolithic large area devices with efficiencies of 5 - 6% in the near future a key
achievement in making OSCs a viable alternative to other photovoltaic systems.
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Chapter 7
Conclusions and outlook
7.1 Conclusions
In this thesis different aspects in regard to the upscaling of organic solar cells have been dis-
cussed. In Chapter 1 the motivation and aims of this thesis were outlined. In addition, a
detailed analysis of the OSC literature and large area solar cells in particular was presented.
In Chapter 2 the working principles of organic solar cells were explained. The focus thereby
was on the excitonic character of organic solar cells and the differences in photo-induced electron
and hole transfer upon absorption of a photon in bulk heterojunctions. We also introduced solar
cell performance parameters like PCE, VOC , JSC and FF , which have been used throughout
the thesis to assess and compare the fabricated devices.
In Chapter 3 issues regarding the measurement of organic solar cells were discussed. We
showed that the measurement configuration, i.e. the way the solar cell is connected to the SMU,
and the fact if an aperture mask was used or not for J − V characterization has a significant
influence on the solar cell performance. The magnitude of the difference thereby depends on
the size and design of the solar cells. For our 0.2 cm2 organic solar cells we have shown that the
difference in power conversion efficiency can be up to 20%. For larger devices the difference due
to the measurement configuration (2wire, 2wire-connect, 4wire, or 4wire-connect) can be even
higher since the current generated by the solar cell is higher resulting also in larger voltage
drops over cable resistances or the series resistance of the cell. Since there is no generally
accepted standard for the characterization of organic solar cells yet, we recommend that the
measurement conditions should always be included when reporting performance parameters for
devices. This would allow for a better comparison of device results reported in the literature.
In Chapter 4 blade coating as an alternative fabrication technique especially for large area
organic solar cells was introduced. Monolithic large area organic solar cells (active area 25 cm2)
were produced with either a spin or blade coated PCDTBT:PC70BM layer. The results show
a similar performance for both types of devices with PCEs of 1.8% and 1.9%, respectively.
We also showed that both layers have a different thickness distribution over the 6 x 6 cm2
substrates. Spin coated films showed a concentrical distribution of the film thickness whereas
the blade coated films only showed randomly distributed differences in the thickness caused
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by defects in the film. However, the overall thickness variation over the whole substrate is
not significantly different for the techniques. The advantages of blade coating are the reduced
material consumption (up to 90% less material wastage) and the similarity of the process to
roll-to-roll compatible processes like slot-die coating. We also showed that the efficiency of
monolithic large area devices is limited compared to small area devices mostly due to the low
conductivity of the ITO/PEDOT:PSS electrode. The low conductivity leads to an increase in
series resistance of the devices and limits the charge extraction resulting in low fill factors (0.30
instead of 0.57 for 0.2 cm2 devices with the same photoactive blend materials).
In Chapter 5 an alternative device architecture especially for large area devices without
an ITO/PEDOT:PSS electrode was introduced. The main limiting factor for large area or-
ganic solar cells is the relatively high sheet resistance (between 13 - 18 Ω/) of the commonly
used ITO electrode. The new architecture uses a transparent insulator/metal/insulator stack
with a higher conductivity as the top electrode. We prepared two different stack electrodes
consisting of MoOx/Ag/MoOx and MoOx/Ag/ZnS. Both stacks had a peak transmission of
around 80%, which is similar to ITO and a reduced sheet resistance of R ≈ 5.1 Ω/ (MAM)
and R ≈ 3.6 Ω/ (MAZ). These electrodes were used for monolithic large area organic so-
lar cells with a PCDTBT:PC70BM photoactive layer. The best devices achieved PCEs of 3.1%
(MAM) and 2.7% (MAZ), which is a big improvement compared to the 1.9% of the conventional
ITO/PEDOT:PSS based devices. The improvement in PCE is mostly based on an increased fill
factor due to a better charge carrier extraction through the anode. It has also been shown that
the top MoOx layer of the MAM stack swells when exposed to air. This change in structure is
due to the hygroscopic nature of MoOx and will result in a change of the transmission spectrum
due to the variation of thickness or degradation of the photoactive layer. The problem of the
unstable top MoOx layer has been solved by the use of a ZnS layer. ZnS is a better capping
layer, with the neutron reflectometry experiments showing that the thickness of the layer as
well as the structure of the whole stack does not significantly change even after 9 months in air
and annealing at 150 °C for 15 minutes. Another big advantage of this device architecture is the
ability to easily replace the glass electrode with a flexible substrate like PET foil without having
to take a different transmission or conductivity into account. We prepared 25 cm2 monolithic
organic solar cells on PET with the same architecture and achieved a maximum PCE = 2.8%,
which is to our knowledge the highest reported efficiency for a flexible, monolithic large area
solar cell.
In Chapter 6 we presented a new donor polymer DPP-DTT which in combination with
PC70BM allows for efficient solar cells (PCE > 6%) with thick active layers (≥ 200 nm).
The good performance of the devices with a thick active layer is attributed to the balanced
mobilities in the BHJ blend which allows for efficient charge carrier extraction and therefore
an almost thickness independent fill factor. The advantages of thick junctions in comparison
to thin junctions are a reduced sensitivity of the cell performance to thickness variations and
the lower susceptibility to defects increasing the fabrication yield. The ability to form efficient
devices with thick active layers allowed the use of the material in monolithic large area devices
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(25 cm2) with a silver grid. By using the silver grid with ≈ 560 µm wide and around 500 nm
thick lines the sheet resistance of the anode was reduced from ≈ 13 Ω/ to < 1.5 Ω/. This
improvement in conductivity of the electrode resulted in monolithic devices with a maximum
PCE of 4.6% and a fill factor of 0.53. Increasing the silver line thickness further than 500 nm
does not increase the conductivity significantly resulting in only a slight improvement in cell
performance (PCE = 4.7% with ≈ 1500 nm thick Ag-grid). The results still show that the
250 nm thick active layer uniformly covers the 1500 nm thick silver lines. In addition to the
devices with the DPP-DTT:PC70BM active layer we prepared large area solar cells with a 500
nm thick silver grid and a PCDTBT:PC70BM blend. As expected the devices with a thick
active layer (≈ 220 nm) were not as efficient (PCE = 3.4%) as the devices with DPP-DTT due
to imbalanced mobilities in the blend resulting in a limited charge extraction efficiency in thick
layers. We also prepared a device with a thin active layer (≈ 75 nm) on top of the 500 nm
thick silver lines, which achieved a power conversion efficiency of 4.5%. This result shows that
a combination of a highly viscous blend solution combined with low spin coating speeds allows
for conformal coverage of features much thicker than the resulting film. However, it is still a
fabrication advantage to use thicker layers, which reduce the probability of short circuits and
defects.
7.2 Outlook
The findings from the presented work act as a starting point for further work to close the gap in
efficiencies between small and large area organic solar cells. The geometry of the metal grid for
example has not been fully optimized yet. It might be possible to increase the distance between
the metallic lines further due to the high mobility of the DPP-DTT:PC70BM blend without
sacrificing the extraction efficiency. This would reduce the loss of active area and therefore
increase the PCE of the cells further to around or even more than 5%.
The approach for achieving highly efficient large area organic solar cells presented in this
thesis by using an ITO electrode in combination with a metallic grid is still not the optimum
solution. Firstly, it still uses ITO which is already quite expensive and will get more expensive
in the future due to the scarcity of indium. ITO is also very brittle making it not the best
choice when it comes to flexible substrates. Secondly, the use of the metallic grid is not only an
additional fabrication step, which costs time and money but it also reduces the cell efficiency
due to the loss in active area. The ultimate solution would be to forgo the use of ITO as well
as the metallic grid. To achieve this transparent electrodes with a higher conductivity than
ITO are needed for large area solar cells. Researchers are already exploring different options
like alternative metal oxides (e.g. aluminum-doped zinc oxide or Cd2SnO4) or electrodes based
on new materials like CNTs or graphene. Until there is a transparent electrode with a sheet
resistance of < 1 Ω/ the combination of ITO and a metallic grid is the best solution for
achieving a high efficiency for large area organic solar cells.
The results presented in this thesis will help to bring organic solar cells closer to becoming
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a marketable product. The most important component of an organic solar cell will still be
the photoactive material and the last five years have shown that there is still a lot of progress
in terms of new active materials. This means the design of the cells needs to be adjusted
depending on the properties (e.g. viscosity, mobility, and absorption) of the materials every
time a new material is implemented. The findings of this thesis could act as rough guidelines
for device design. For example a high viscosity, due to a high molecular weight of the used
polymer will allow for conformal covering of thick grid lines (> 500 nm). High and balanced
charge carrier mobilities in the bulk heterojunction will allow for thicker active layers, therefore
increasing the shunt resistance and reducing the probability of short circuits.
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Appendix
Optical simulations MAM and MAZ stack
a) b)
a) Refractive indices and b) extinction coefficients for different materials used in the
insulator/metal/insulator devices.
a) b)
a) Calculated distribution profiles of the optical field intensity of PCDTBT:PC70BM cells
with the MAM stack electrode for different active layer thicknesses. The wavelength of
the incident light was chosen to be 555 nm due to the absorption peak of PCDTBT. b)
Calculated distribution of the exciton generation rate in the active layer for the same
layer thicknesses.
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Neutron reflectometry results of MAM and MAZ stacks
Modeled layer thickness, roughness, and SLDs for the MAM and MAZ stacks.
Film Layer Thickness [nm] SLD [10−6 Å−2] Roughness [nm]
MAZ Aged 1
week
ZnS 27.0 2.15 1.1
Ag 32.0 3.47 1.5
MoOx 12.9 4.21 4.8
MAZ 150 °C,
15 min
ZnS 27.0 2.15 1.3
Ag 30.1 3.47 1.7
MoOx 14.8 4.08 4.8
MAZ Aged 9
months
ZnS 27.7 2.15 1.1
Ag 30.5 3.47 1.8
MoOx 14.3 4.03 3.3
MAM Aged
1 week
top MoOx 14.0 2.83 0.5
Ag 31.9 3.55 0.8
bottom MoOx 19.1 4.13 2.3
MAM 150
°C, 15 min
top MoOx 17.3 4.06 0.8
Ag 29.7 3.56 1.1
bottom MoOx 15.0 4.10 4.4
MAM Aged
9 months
top MoOx 25.8 2.39 0.4
Ag 33.8 3.45 1.3
bottom MoOx 11.1 3.89 6.1
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Shadow mask for metal grid electrode
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